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A bstract
This thesis focuses on exploring novel IIl-V bismide alloys due to their potential of 
engineering the band structure in such a way tha t the spin-orbit splitting energy is 
greater than the band gap [Aso> Eg) which helps to suppress im portant non-radiative 
Auger recom bination losses. These losses reduce the efficiency of near-lR 
telecom m unication lasers (1.55pm) as well as limit the perform ance of mid-lR light 
em itting devices. A num ber of optical characterisation techniques have been applied 
to study the detailed band structure of bismide alloys to provide feedback for band 
structure modelling and grow th optimisation.
PR studies on the GaBixAsi-x/GaAs m aterial system  with up to 10.4% Bi, showed a 
strong Eg reduction accompanied by an increase in Aso w ith increasing Bi content, 
w ith a cross-over of Eg and Aso a t Bi~9.4. ±0.2% . RT PL emission has been m easured 
at telecom wavelength (1.5 pm) w ith Bi ~  10.4 %. Power dependent PL studies 
showed tentative evidence for the suppression of CHSH Auger losses in the 10.4% Bi 
containing sample.
The InGaAsBi/InP alloy has been explored for its potential for cheap and efficient 
mid-IR photonic devices. PL, PR and absorption revealed the cross-over {A so ~ E g )  in 
this m aterial system betw een ~  3.4 - 4% Bi. Tem perature dependent PR studies for 
the highest Bi containing InGaAsBi (~5% ) and GaAsBi (~10.4% ) epilayers w ere used 
to tune the band gap into resonance Aso ~  Eg and an increase in the line width of the 
PR spectrum  around the tem perature of the resonance is found.
A nother alloy GaAsBiN/GaAs has been suggested to provide a lattice m atched 
m aterial to GaAs w ith widely tailored Eg while offering improved conduction and 
valence band offsets. PR m easurem ents on GaAsBiN/GaAs showed a reduction in Eg 
around -141 ± 22meV/%N at a fixed Bi com position and also a decrease in the 
tem perature  coefficient w ith increasing N.
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Following is th e  list o f abbreviation an d  sym bols u sed  in  th is  work:
AC Alternating current
BAC Band anti-crossing model
CBM CBM
CW Continuous wave
DC Direct current
DOS Density of states
E g Band gap energy
EM Electromagnetic
HH Heavy hole band
HRTEM High resolution tunneling electron microscopy
HWHM Half width at half maximum
IVBA Intervalence band absorption
IR Infra-red
JDOS Joint density of states
k Wavevector
K b Boltzmann constant
KK Kramers-Kronig
LH Light hole band
LED Light emitting diode
MBE Molecular beam epitaxy
MOVPE Metal organic vapour phase epitaxy
PL Photoluminescence
PR Photomodulated reflectance
QWs Quantum wells
R Reflectance
RT Room temperature
SL Superlattice
SO band Spin-orbit split-off band
SRH Schockley-Read-Hall
T Temperature
TEC Thermoelectric coolers
TEM Transmission electron microscopy
V B & C B Valence band and Conduction band
VBS Valence band splitting
VBM Valence band maximum
Aso Spin-orbit splitting
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Introduction
1.1: Background
Sem iconductors have played a pivotal role in the technological developm ent 
o f  the past fcAv decades due to their num erous applications. Their optoelectronic 
applications in daily life span from rem ote controlled CD and DVD players to 
fiber optic com m unication and m edical diagnostic techniques/treatm ent such as 
m edical im aging and cancer treatm ents, from cell phones to sensors, solid-state 
lighting, lasers and m any more. Finding solutions for problem s related to 
optoelectronic devices or novel applications has led to the developm ent o f  new  
materials. This progressed the research focus from elem ental sem iconductors like 
Si and Ge to com pound sem iconductors such as III-V  and II-V I com pounds and 
alloys o f  III-Vs and II-V is. The choice o f  the sem iconductor m aterial for the 
optoelectronic devices depends upon their em ission and absorption w avelengths in 
the range o f  interest in the electrom agnetic spectrum
D espite the technological successes, there are always lim itations in the 
perform ance o f  new  technologies. These lim itations m otivate the exploration o f  
novel sem iconductor materials w hich have the potential to im prove the 
perform ance or stability o f  devices, to m ake them  cheaper or to enhance their life 
and speed. This thesis focuses on III-V  sem iconductors, specifically novel bism ide 
based m aterials for their applications in near and m id infra-red light em itting and 
detecting devices. This chapter w ill discuss the m otivation and potential o f  
exploring novel bism uth based m aterials for the near and mid- IR.
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1.2: Limitations of near infra-red photonic devices and 
potential solution
1.2.1: Introduction and Motivation
O ver the past few  years, internet usage has increased exponentially (60% 
increase per year) due to an increased dem and for inform ation in the form o f  data, 
pictures, audio and stream ing videos related to all fields o f  life as it has becom e the 
m ain source o f  com m unication [ 1 ].
H igh speed optical fibre telecom m unication systems are used to send 
internet traffic data over long distances. This technology uses lasers to transm it the 
data in light pulses through optical fibres. The inform ation in the form o f  data is 
sent to hom es through a series o f  lower bandw idth and shorter distance networks, 
called m etro and local area networks (M ANs and LANs). The last connections 
transferring data to hom e users still use copper cables w hich lim it the speed to 
hom e users. This increases the dem and to develop high speed and low cost 
optoelectronic devices to replace the existing copper cables w ith optical fibre 
networking [2 ].
Laser diodes w ith em ission in a specific w avelength range are required to 
transm it the internet data traffic. The 1.3-1.6pm range is im portant for 
telecom m unications. The selection o f  the w avelength is im portant as the optical 
properties o f  optical fibres are w avelength dependent. The data is transm itted 
through the optical fibre in the form o f  an optical signal and recovered at the 
destination. This optical signal attenuates (reduction in pow er o f  the optical signal) 
during transm ission through the optical fibre and the attenuation depends upon the 
w avelength o f  the light beam  due to the absorption and scattering in the optical 
field. The transm ission windows in the Silica optical fibre shown in figure 1. 1 refer 
to the spectral regions offering low attenuation. A nother im portant factor to take 
into account for the selection o f  windows in optical fibres is the dispersion o f  the 
signal through the transm ission w indow  w hich should ideally be zero because
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dispersion limits the data rates. The dispersion coefficients for different 
wavelengths are shown in figure 1.2.
1.6 “
Figure 1.1: Attenuation of optical signal vs. wavelength showing the transmission 
windows for silica optical fibre [3].
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Figure 1. 2: Dispersion of light through optical fibre at different wavelength ranges. This 
includes only chromatic dispersion, which is caused by the wavelength dependence of the 
index of refraction (dominant in single mode fibres) [4].
Figure 1.1 and 1.2, represent the three operating windows at 0.85pm , 1.3pm 
and 1.55pm in an optieal fibre. The w indow  at 0.85pm  has a relatively high optical 
loss o f  1.8dB/km how ever cheap GaAs lasers and Si detectors can be used in this 
window. Zero dispersion (figure 1.2) and lower optical loss (figure (1.1) o f  the 
1.3pm window  makes it attractive for the telecom m unication industry. On the other 
hand, 1.55 pm  is the preferred choice for the long haul optical fibre networks due to 
its m inim um  optieal loss o f  0.2dB/km [5].
In order to m eet the higher bandwidth requirem ents, w avelength-division 
m ultiplexing (W DM ) optical fiber com m unication system is becom ing very 
popular because it m ultiplexes a num ber o f  signals on a single strand o f  fibre, an 
increase o f  transm ission capacity. In W DM, each service is carried over a separate 
wavelength. Initially, W DM  used the two wavelengths 1310nm and 1550nm but 
now it uses more than 100 wavelengths (channels) and is called dense w avelength- 
division m ultiplexing (DW DM ). DW DM  dom inates the long haul netw ork and was
28
Chapterl: Introduction
standardized in the 1990s, while coarse (W DM ) is well positioned to speed up in 
the regional netw ork segments (CW DM  has less channels eom pared to DW DM  to 
reduce the cost). A  schem atic representation o f  DW DM  is shown in figure 1.3. In 
DW DM  the separation between the channels is 0.8nm (while industry is aiming for 
0.4nm). It is very crueial to have a stable peak w avelength o f  the transm itter (laser) 
for the specific channel to m aintain the bandwidth. D rift in the peak w avelength o f 
the laser would cause an unacceptable level o f  crosstalk between channels. The 
drifted wavelength w ill affect adjacent channels and will cause a reduction in the 
bandwidth. A  drift o f  a few nm  can affect the bandwidth by a factor o f  10 or more. 
To avoid these losses it is im portant that the w avelength variation m ust be sm aller 
than the spacing betw een the channels [2].
I X 1
TX2
TXN
Optical Ainphtier
RXN
Figure 1.3: Schematic representation of the DWDM network where TXs represents the 
transmitters and RXs the receivers. These transmitters are the lasers with specified peak 
wavelengths.
1.2.2 Problems with telecommunication lasers
InGaAs (P) / In?  based lasers operating at 1.3 and 1.55pm have been used 
as telecom  lasers for decades. However, these lasers have some perform ance issues. 
The lasers suffer from a high threshold current density (Jth), which increases 
exponentially w ith tem perature [6]. This causes a reduction in their output pow er 
and also a drift in their peak wavelength range as the operating tem perature
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increases. Figure 1.4 (a) illustrate an example o f  the increase in threshold current 
with tem perature and figure 1.4 (b) shows the reduetion in pow er at a fixed eurrent 
for a 1.5 pm  laser w ith rising tem perature [7]. The degradation in the perform anee 
o f  the laser is prim arily due to A uger reeom bination losses and intervalenee band 
absorption (these losses are defined later in this chapter) [8], [9]. A t the threshold, 
around 80% o f the electrieal pow er used by the laser chip is emitted as heat due to 
the intrinsie losses in the devices.
The generation o f  heat requires therm oelectrie coolers (TEC) and an air 
eonditioned environm ent in order to m aintain the pow er and stabilise the 
wavelength. These TEC and air eonditioning systems also require eleetricity, 
increasing the energy demands by the telecom m unication infrastructure by an order 
o f m agnitude.
-20C  
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Figure 1. 4: a) The increase in threshold current (1.5 pm InGaAs/InP laser) of with 
increasing temperature (can be seen from the edge of every curve in this figure), b) The 
decrease in output power of 1.5 pm laser at a fixed eurrent with increase in temperature
[7].
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1.2.3: Dilute Nitrides
D ifferent m aterial system s have been studied for the operating range 1.3- 
1.6pm in order to replace InP based lasers. Considerable interest developed for 
GaAs based lasers for telecom  applications due to tw o reasons. Firstly, GaAs 
provides better optical confinem ent because o f  larger refractive index differences 
between GaAs and AlG aAs as com pared to InP and quaternary alloys com prising 
the active region. G rowth on GaAs also m akes it easier to produce an inexpensive 
vertical cavity surface em itting laser (VCSEL) devices. This leads the focus 
towards GaAs based telecom  lasers.
H ighly efficient lasers using strained InGaAs quantum  w ell structures w ork 
well at an em ission w avelength o f  1pm but a high indium  content is required to 
achieve telecom  wavelengths. The increased indium  fraction in order to achieve 
telecom m unication w avelengths causes a large lattice m ism atch betw een InGaAs 
and GaAs resulting in the degradation o f  the m aterial quality due to the form ation 
o f  dislocations [10]. Therefore, considerable interest developed w hen it was shown 
that replacing small amounts o f  As by N  causes a reduction in the energy band gap 
o f  150meV/%N. Hence the narrow  band gap can be achieved w ith lower lattice 
m ism atch in G aAsN com pared to InGaAs [11]-[12]. The giant band gap reduction 
is helpfiil to reach the required longer wavelengths in the near infra-red 
telecom m unication range. In 1996, the idea o f  lattice m atched G alnA sN  for the 
active layer o f  devices was proposed [13]. N itrogen incorporation into GaAs causes 
tensile strain while In incorporation causes com pressive strain leading to the strain 
being com pensated in InGaAsN. The electronic structure o f  dilute nitrides is 
interesting in term s o f  understanding the physics o f  giant band gap reduction in this 
material. It is w ell established that each nitrogen atom replacing an A s atom  
introduces a localised defect level near the conduction band edge. The nitrogen 
level interacts w ith the conduction band o f  the host sem iconductor m aterial and 
pushes the conduction band downwards causing the band gap reduction. This can 
be described by the conduction band anti-crossing m odel (which w ill be discussed
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in detail in Chapter 2) [14]. GalnA sN /G aA s quantum  w ell lasers have also been 
reported w ith im proved tem perature dependence o f  the threshold current density 
com pared to InGaAsP quantum  w ell lasers due to the enhanced conduction band 
offset w hich helps to control the leakage o f  electrons [15].
The idea o f  incorporating nitrogen into GaAs or InGaAs has been very 
attractive in developing long w avelength light em itting devices for the near infra­
red region. Lasers based on these m aterials have been developed for the 
telecom m unication range 1.3-1.55pm  and have shown low losses during 
transm ission through silica optical fibre [16]. G alnA sN  superlum inescent diodes 
have been studied for use as a broadband infra-red light source in optical coherence 
tom ography [17].
However, on the other hand, the incorporation o f  N  into GaAs or InGaAs has 
been responsible for a degradation in the m aterial quality. N itrogen incorporation 
into GaAs or InGaAs causes a decrease in photolum inescence efficiency and 
electron m obility [18]-[19]. The degradation in the m aterial quality has been 
attributed to the form ation o f  nitrogen clusters due to the random  distribution o f  N  
because o f  the low grow th tem perature w hich is required for its incorporation. 
Even for the incorporation o f  very low N  fraction this lies around 430^0 by M BE in 
com parison to the 600-650^0 required for standard GaAs or InGaAs [20]-[21].
In GaAsN, problem s o f  surface roughness, dislocations and cracks have been 
reported w hich affect the perform ance o f  devices. These are caused by the 
introduction o f  strain as the small N  atoms replace the larger As atoms [22]. In 
order to im prove the quality o f  the nitride m aterials, a surfactant in the form  o f  
large group V  elem ents has been used during the M BE growth. A ntim ony was 
m ostly studied to use as surfactant during the grow th o f  G alnA sN  and H arris et a l
[23] reported that the surface roughness o f  a GaInAsNSbo .0 2 sample w as h a lf  o f  that 
o f  a sim ilar sample grown without Sb as a surfactant [23]. B ism uth (another group
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V  elem ent) has also been used as a surfactant and it helped to im prove the 
lum inescence efficiency o f  dilute nitride alloys [24].
A lthough, nitrogen helped to achieve the required w avelength, how ever 
experim ental [25] and theoretical investigations [26] revealed that the 1.3 pm  and 
1.6pm InGaAsN/GaAs devices suffer from a high threshold current density. It is 
because the threshold current o f  dilute nitride lasers is dom inated by non-radiative 
recom bination processes, including both defect-related and A uger recom bination. 
Further theoretical and experim ental investigations showed that the m ajor loss 
m echanism  in the dilute nitride and InP based telecom  lasers is A uger 
recom bination [25] [26].
1.2.3.1: Auger Recombination
There are four dom inant forms o f  A uger recom bination CHCC, CHSH 
CHLH and phonon assisted CHCC w here C  stands for CB, H  for heavy hole band 
and L  for light hole band and S  for spin-orbit sp lit-off band. In all these processes, 
there is no em ission o f  a photon on recom bination o f  the charge carriers as the 
energy is used to excite a third carrier w hich then relaxes back v ia em ission o f  
phonons.
In the CHCC process, the indirect recom bination o f  an electron in the CB 
and a hole in the VB excites a third carrier (electron) higher into the CB. In the 
CHSH process, the third carrier (hole) is excited from the heavy hole (HH) valence 
band to the spin- orbit split- o ff  (SO) band. The CHLH process corresponds to  the 
excitation o f  a third carrier from the HH to light hole (LH) band, respectively. The 
phonon assisted A uger process is sim ilar to the direct process; the only difference is 
the carrier-carrier interaction leaves the system  in interm ediate state where 
m om entum  and energy are conserved via phonon em ission or absorption. CHCC 
and CHSH processes (will be discussed m ore in Chapter 2) are the m ost im portant 
A uger processes. It was reported that CHLH is -1 0 0  tim es w eaker than CHCC or 
CHSH [27]. CHCC and CHSH both happen at longer wavelengths. CHSH is m ore
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likely to happen w hen the band gap (Eg) is closer (or equal) to the spin-orbit 
splitting energy (Aso) and can be suppressed by achieving a band structure such 
that Aso  is greater than Eg [28]. Experim ental investigations revealed that the 
CHSH A uger process is dom inant in conventional InP based lasers [29] -[31]. This 
is the reason w hy InG aA sN  lasers did not show any im provem ent in the reduction 
o f  A uger losses because N  affects the VB very w eakly thereby not altering the spin 
-orbit splitting significantly.
A nother loss m echanism  is intervalence band absorption (IVBA), which 
happens w hen a generated photon is re-absorbed by the electron in the LH  or SO 
band and gets excited into the H H  band. This is m axim ised w hen the band gap and 
spin-orbit splitting energy are in resonance Eg -  A sq. Further details o f  all the 
radiative and non-radiative recom binations w ill be discussed w ith a schem atic 
representation in Chapter 2 (General Theory).
The com bination o f  CHSH A uger losses and IVBA m ainly causes the 
increase in threshold current density and also its tem perature sensitivity [32]. As 
the tem perature increases, A uger losses increase prim arily due to increased therm al 
spread o f  carriers causing the reduction in output power. The w avelength o f  the 
laser also drifts w ith variations in tem perature due to the tem perature sensitivity o f  
the band gap. This necessitates pow er hungry cooling devices for the stable 
operation o f  the laser. L. K im erling, from  M IT has predicted that energy utilised by 
the internet w ill rise to 10% o f  total pow er by 2018 in developed countries [33]. 
This highlights the dem and for low threshold and tem perature insensitive 
sem iconductor lasers for the telecom m unications range. It also raises the question 
about how  to suppress the A uger losses in telecom  laser in order to reduce pow er 
consum ption by the telecom  infrastructure.
1.2.4 Auger Suppression
There are tw o potential solutions to suppress A uger losses
a) Zero dim ensional structure - Quantum  dots (QDs)
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b) Band structure engineering
In addition to dilute nitride based devices, QD lasers w ere also studied as a possible 
solution in order to replace 1.5pm  InP based lasers. In a QD the free m otion o f  
electrons is restricted in all directions (3D) leading to a better confinem ent o f  
carriers. It was theoretically predicted Jt^ could be independent o f  tem perature due 
to the suppression o f  the therm al distribution o f  carriers related to the delta 
function like density o f  states (as w ill be described in figure 2.2, Chapter 2) [34]. 
However, in practice 1.3 pm  InAs/GaAs and 1.5 pm  InAs/InP quantum  dot based 
lasers also showed the problem  o f  A uger recom bination and a tem perature 
sensitivity com parable to conventional quantum  well lasers [35].
This thesis therefore concerns the second option to reduce the A uger losses 
through sem iconductor band engineering, because m ain efficiency lim iting 
processes such as A uger recom bination and IVBA, are sensitive to the band 
structure o f  the sem iconductor m aterial used as the active layer o f  the laser. A  
com parison o f  antim onide laser perform ance in the m id-IR  region and InP based 
laser in the near-IR  region is shown in figure 1.5
[36]. This figure illustrates that the threshold current o f  InP based lasers increases 
strongly towards longer w avelength (blue curve) and the inset above the blue curve 
shows the dom inant CHSH A uger recom bination happening in this range o f  
wavelengths in InGaAsP alloys.
The antim onide devices have m uch low er threshold current density betw een 
2pm  and 3pm  represented by the blue curve in figure 1.5 [37]. This is attributed to 
Aso being larger than the Eg in those Sb alloys [38] as shown in the left inset o f  
figure 1.5. This elim inates the CHSH A uger recom bination process and IVBA. The 
same effect has been seen in the G alnA sSbP/InA s m id infra- red LED s [39].
Achieving Aso  > Eg in the near infra -red region is challenging in conventional 
III-V  alloys. It was proposed by Sweeney  [38], that such a band structure could be 
achieved using alloys containing dilute am ounts o f  bismuth. B ism uth is the largest
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Stable group V elem ent w ith an atomic num ber o f  83 and the spin-orbit splitting 
energy for GaBi is significantly higher than that o f  GaSb as shown in figure 1.6. 
Sweeney  proposed that Bi incorporation into GaAs w ill help to reduce the Eg and 
increase the Aso, thereby rem oving the CHSH A uger losses and inter-valence band 
absorption in the devices. Experim ental investigation revealed that bism uth 
incorporation into GaAs causes a large band gap reduction w ith increasing bism uth 
fraction o f  88meV/Bi%  [40] and also increases the spin-orbit splitting energy [41].
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Figure 1.5: Influence of Auger recombination on the threshold current of InP- and GaSb- 
based lasers in the near- and mid-lR range [36].
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Figure 1. 6: Spin-orbit splitting energy vs. atomic number of III-V binary compounds [36].
This thesis will describe the exploration o f  the band structure o f  this novel 
alloy which will help to establish the understanding o f  this m aterial to enable its 
use as an active layer for devices. Another strong candidate o f  the near infra-red 
region is considered to be GaAsBiN on GaAs which will also be discussed in this 
thesis. B ism uth incorporation into InGaAs has the potential for m id infra-red 
applications on InP substrates as discussed in the next section.
1.3: Limitations of mid infra- red devices and possible solutions
The infra- red region (mid-IR) is defined to be in the w avelength range o f  2- 
8pm  and there are m any important applications including biom edical surgery, 
military, com m unications, research and gas sensing in this range [42]. The m id-IR  
region has an atm ospheric transm ission w indow  leading to applications o f  free 
space communication. This requires a m id-IR transm itter and detector.
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Highly sensitive gas detection is another im portant application o f  m id infra-red 
LEDs, lasers and photodetectors as the gas sensors need both em itting and 
detecting devices. Sensing gas concentrations is o f  crucial importance for 
environm ental protection as it helps to control the air quality, im prove solid waste 
m anagem ent and controls and regulates traffic emission. G reenhouse gases such as 
methane, carbon dioxide, carbon m onoxide and nitric oxide contribute to 
environm ental pollution and are w idely believed to be responsible for global 
warming. M ost o f  these gases have characteristic light absorption bands in the mid 
infra-red range (2-5pm ) as shown in figure 1.7.
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5 . (
Figure 1.7: Characteristic absorption lines of trace gases in atmospheric window [43].
H aving room  tem perature, efficient, stable and cheap light em itting and 
detecting devices in this range is an em erging topic o f  research. The Sb based 
devices for m id-IR  as discussed earlier in this chapter in the section (1.2.5) perform  
well, however, they have efficiency limitations, difficulties in grow th and a high 
cost o f  m anufacturing due to the sm aller and m ore costly substrates.
GaSb, InAs and AlSb have approxim ately sim ilar lattice constants. Binary, 
ternary, qarternary and quintary com pound are used in antim onides that contain Al, 
Ga, As, Sb and P. These devices are mostly m anufactured on either GaSb or InAs
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substrates w hich are expensive com pared to GaAs and InP substrates. Also, the 
perform ance o f  different Sb based devices such as o f  m id infra- red lasers is lim ited 
in some ranges o f  the w avelength particularly 2.5-3.7pm . A n exam ple in term s o f  
laser output pow er [44] is shown in figure 1.8. The type- I QW , interband 
antim onide lasers have a relatively good perform ance for the region 2-3 pm  with 
lasers reported w ith lasing at 2 .3pm  up to Tmax~130C‘’ [45]. In a type-I quantum  
well structure, both CB edge and VB edge o f  the well layer are placed energetically 
within the CB and VB o f  the barrier layer. In this case, electrons and holes are 
confined in the same layer. Type-I quantum  well lasers are operating beyond 
3.32pm  w ith a lasing pow er upto 65m W  close to RT [46]. These conventional 
type-I quantum  well laser G alnA s Sb/AlGaAsSb/GaSb are better on the shorter 
w avelength edge 2-2 .5pm  w ith continuous w ave pow er above IW  at room  
tem perature. The type-I QW  lasers has also been dem onstrated up to 3.7pm  
operating close to RT [47] how ever the perform ance degrades rapidly above 2 .5pm  
with increasing w avelength as shown in figure 1.8. This degradation is attributed to 
the therm ionic em ission o f  holes from the InGaAs Sb QW  into and subsequent 
recom bination w ithin the alum inium  containing barrier (A lGaAsSb). This is due to 
the small valence band offset betw een the QW  and barrier layer w hich is caused by 
the increase in the In and As fractions [48]. H igher band offsets are helpful to 
control the overflow  o f  charge carriers from the active region o f  devices. CHCC 
A uger losses are also considered as a the second factor contributing to the reduction 
in pow er as these are m ore likely at longer w avelengths [49].
Interband cascade lasers (ICL) w ork well at the longer end o f  the m id-IR  
band ~  4 .1pm  [50] but their perform ance is lim ited at the shorter edge o f  the m id - 
IR  range where type -I QW  lasers dominate. In an ICL, the diode is o f  a type -II 
broken structure (CB m inim a o f  one m aterial lies below  the VB m axim a o f  the 
other m aterial w ill be discussed in m ore details in Chapter 2) e.g. the CB m inim a is 
in an InAs layer and the VB m axim a is in an adjacent G alnSb layer w hich 
improves the confinem ent o f  the carriers to reduces carrier leakage [51]. Two InAs
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QW s sandwich the GaInSb hole QW  form ing a ‘W ’ like geom etry o f  the band gap 
as shown in figure 1.9. The electron cascade through a series o f  layers, going from 
CB to valenee band in an adjacent GalnSb layer, then baek to the CB in a second 
InAs layer. These typieally have several stages by energetically aligning the 
conduction and VB states at the interface o f  other type-II broken structure. The 
power o f  different ICLs vs w avelength is shown by filled circles in figure 1.8. In 
figure 1.8, the asterisks represent the QCLs (quantum  cascade lasers) which address 
the longer wavelengths in the m id-IR  band. QCLs are unipolar (only electrons 
cascade using only CB while in an ICL both electron and hole cascade) devices 
contain a thin layer o f  QW s forming a superlattice with an electric field across a 
series o f QW s [52]. Therefore, all the holes and VB related loss m echanism s 
affecting the perform ance o f  interband lasers are elim inated in QCLs.
CH, HCI
NO.CO.
QCLs
1000
Type I QWs Lasers
100 ICLs
2.0 2.4 2.8 3.2 3.6 4.0 4.84.4
Wavelength(micron)
Figure 1. 8:  RT CW output power of Sb based laser vs wavelength. Filled squares are the 
GalnAsSb/AlGaAsSb/GaSb type-I QW devices, filled circles are the Sb Interband based 
cascade lasers and asterisks are for a quantum cascade lases [44].
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Figure 1. 9: The W-type laser is the basic building block of interband cascade lasers. The 
top lines show the electron (blue) and hole (red) [53].
QCLs also covered the shorter side o f  m id-IR  range and covered the gap 
reported by Sirtori et al [54], in 2004 as shown in figure 1.10 below. However, 
QCLs perform ance is not as good, particularly in 2-4pm  region relative to the 
longer w avelength side.
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Figure 1. 10: Figure represents the hatched region with low performance lasers while 
QCLs working well on the longer side [54]. This gap is filled by QCLs now, however, 
there is still a gap (2.5-3.7pm) on shorter side where performance of QCLs limits.
Thus the shorter w avelength region o f  m id-IR  still needs high perform ance 
lasers. On the shorter w avelength range o f  mid-IR, particularly (2.5-3.7gm ) there 
are issues o f leakage losses and CHCC A uger losses in interband lasers. Thus, it is 
very im portant to explore a material w hich has possibilities o f  band engineering, 
e.g. to achieve > Eg, controllable band offsets and to be able to achieve the 
range o f  wavelengths w ith simple band to band transitions w hile being lattice 
m atched to well known, established and cheaper substrates. The bism ide alloy, 
InGaAsBi is a possible candidate to replace Sb based devices in the shorter 
w avelength region o f  the m id-IR due to their interesting band structure properties 
and the possibility o f  being lattice m atched to InP substrates.
The incorporation o f  bism uth into InGaAs also has the potential to control 
the hole leakage as these structures can be designed w ith large valence band offsets 
[56]. B ism uth incorporation also has potential for the efficient RT detectors as well 
by engineering the band structure such that Eg ~ will be discussed in more 
detail in Chapter 6. Further discussion on exploration o f  its band structure and its 
suitability for the m id-IR  devices will be discussed in Chapters 5 and 6.
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1.4: Scope and Layout of thesis
In this thesis, the m ain discussion follows on exploring the basic physical 
properties o f  bism ide alloys. The m ain effort has been focused on establishing the 
band structure properties o f  three alloys:
1- GaAsBi/GaAs for its use in the developm ent o f  devices in the near infra-red 
region
2- InGaAsBi/InP for m id infra-red devices
3- GaAsBiN/GaAs for near infra- red devices
The thesis is organised as follows.
Chapter 2 contains the basic sem iconductor knowledge related to the w ork 
in this thesis. It starts w ith the basic sem iconductor know ledge about the band gap 
formation, density o f  states (DOS) and dim ensionality for quantum  wells and 
quantum  dots. The basic physics underlying sem iconductor alloying, band structure 
and its tem perature dependence are discussed. The band anti-crossing m odel is 
discussed in order to explain the basic physics behind the band gap reduction in the 
bism ide alloys is also part o f  this chapter. It also discussed the types o f  band 
alignm ent o f  heterostructures. The physics o f  strain effects on the band gap due to 
the lattice m ism atching and types o f  strain are also explained. The chapter also 
presents the physics o f  recom bination and loss m echanism s, including radiative and 
non-radiative recom bination. The non-radiative recom bination discussion includes 
defect recom bination, A uger recom binations, leakage losses and IVBA. The 
m ethod o f  quantifying the different recom bination m echanism s by the using the 
slope analysis o f  pow er dependent photolum inescence studies is also explained in 
this chapter.
The understanding o f  experim ental techniques used to study this novel 
m aterial system is discussed in this C hapter 3. This chapter discusses the w orking 
principle o f  PL and absorption spectroscopy and provides inform ation about the
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experim ental setups. A nother experim ental technique, photom odulated reflectance 
spectroscopy (PR) w ill be focussed on due to its use in m easuring the detailed band 
structure. This part discusses the principle o f  PR, its experim ental setup and the 
methods o f  analysing the experim ental data. The second section o f  this chapter 
explains the different com ponents o f  the experim ental setups and their function, 
e.g. lenses, spectrom eter and detectors.
The experim ental results and findings o f  GaAsBi/GaAs are discussed in 
C hapter 4. It includes room  tem perature PL and PR  m easurem ents for the detailed 
band structure. This chapter includes the discussion about the findings o f  the 
variation in the band gap and spin-orbit splitting energies for different bism uth 
content and the determ ination o f  the bism uth fractions in GaAsBi for w hich the Eg 
-Aso and Eg < A sq. This chapter also discusses the experim ental findings about the 
effect o f  strain in this ternary alloy and quantifies the valence band splitting. It also 
includes the calculation o f  the deform ation potential by using the experim ental 
values o f  the band gap, spin-orbit splitting in com bination w ith the valence band 
splitting. Furtherm ore, the band line up o f  G aAsBi/GaAs and the alloy disorder 
effects are also elaborated for this m aterial system.
Chapter 5 contains the results and findings o f  the results o f  the quaternary 
alloys InGaAsP /InP in the m id-IR  region. This includes the RT absorption 
m easurem ents o f  InG aA sBi/lnP epilayers containing up to Bi ~5% . The P R  and PL 
m easurem ents for the tem perature range o f  (30-300K) are also discussed. This 
section includes a discussion about the quality o f  the m aterial, variation in band gap 
and spin-orbit splitting energy for different fractions o f  Bi. It discusses the findings 
about the determ ination o f  the Bi fraction for w hich band gap and spin orbit 
splitting are in resonance. It also discusses the bism uth fraction in InGaAs for 
which Eg < Aso. The tem perature dependence o f  the band gap based on the T- 
dependent PL and PR  m easurem ents is also presented in this chapter.
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Chapter 6 discusses the interesting experim ental findings o f  m easuring line 
w idth variations in ternary and quaternary bism uth alloys around the resonance Eg 
-  Esq. This is discussed w ith the aid o f  tem perature dependent (50-3 OOK) PR  
m easurem ents for the purpose o f  tuning the sam ple band structure in and out o f  
resonance. It also contains spectroscopic investigation o f  identifying the different 
recom bination m echanism s in the GaAsBi epilayer. This discussion is based on 
pum p pow er dependent PL measurem ents.
A nother quaternary alloy GaAsBiN/GaAs is discussed in this C hapter 7 for 
its use in near-lR  devices. It presents the GaAsBiN bulk, QW  and GaAsBi/GaAsN 
superlattice studies. The band structure and its tem perature dependence are 
discussed based on absorption, PL and PR  m easurem ents. The tem perature 
dependence o f  the band gap o f  the GaAsBiN  bulk layers is also discussed here w ith 
the aid o f  experim ental results.
Chapter 8 presents the conclusion o f  this thesis w ith suggestions for further
work.
1.5: Summary
This chapter started w ith a b rie f introduction o f  optical com m unication and role o f  
photonic devices in telecom m unication. It w as explained w hy it is crucial to have 
therm ally stable photonic devices, particularly focussing on telecom  lasers. The 
limiting factors in the efficiency o f  near and m id infra-red photonic devices w ere 
discussed w ith the already explored possible solutions. The potential and suitability 
o f  bism ide alloys was described to solve the issues o f  the photonic devices. A t the 
end, the thesis layout was also presented.
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General Theory
2.1: Introduction
The m ain aim  o f  this thesis is the exploration o f  band engineering o f  novel 
sem ieonduetor alloys (bism ide alloys) to  overeom e loss m eehanism s in photonic 
devices. This chapter starts w ith the basic sem ieonduetor concepts. Im portant 
topics such as sem ieonduetor alloying and band anti-crossing (BAG) effect are 
discussed here w hich w ill then help to understand the alteration o f  the band 
structure o f  this novel alloy. The different types o f  band alignm ent form ed at the 
interface o f  a hetero-junetion are also shown, along w ith the principle behind the 
sem ieonduetor alloying to engineer desired optical properties. This w ill be helpful 
to identify the types o f  band alignm ents for bism ide heterostruetures 
(GaAsBi/GaAs, InGaAsBi/InP, GaAsBiN/GaAs and GaAsB/GaAsN) based on the 
experim ental results.
As discussed in Chapter 1, the tw o m ain drivers o f  the exploration o f  
bism ide alloys are (a) the potential o f  a less tem perature sensitive band gap and (b) 
the potential to flexibly engineer the band structure in such a w ay that helps to 
m inim ise the non-radiative losses and tem perature dependent processes in devices. 
Therefore, emphasis has been given to the effects o f  tem perature on the band 
structure o f  sem ieonduetor alloys in this chapter, w hich w ill help to understand the 
tem perature dependent results (in the results and discussion Chapters). The 
influence o f  strain on the band structure is also explained w ith the aid o f  sim ple 
schem atic representation in this chapter. This chapter also contains a discussion 
about the different loss m eehanism s responsible for energy w astage in photonic
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devices and the m ethod o f  identifying these loss processes from  pum p pow er 
dependent PL.
2.2 Band gap and effective mass
W hen a large num ber o f  atoms are close together, their energy levels begin to 
interact, overlap and split to form an indistinguishable continuum  o f  allowed 
energy states called energy bands [1]. A t zero Kelvin, the lower energy bands 
below  Ferm i level are full o f  electrons obeying the Pauli exclusion principle. The 
band below  the Ferm i level called the valence band while above it called the 
conduction band, w hich is empty at zero Kelvin. In sem iconductors, there are no 
electronic states betw een the VB and CB and the separation betw een them  at zero 
m om entum  is know n as the band gap energy. The electrons in the VB need an 
energy equivalent to  the band gap to be prom oted to the CB w here they can 
conduct. The separation betw een the energy bands is o f  crucial im portance in 
sem iconductors as m anipulation o f  this separation controls the em ission or 
absorption o f  light at any given wavelength. In solids, there are m any energy 
bands, how ever the m ain interest lies in the bands above and below  the Ferm i level, 
particularly m axim a o f  VB and m inim a o f  CB w here the optical transitions occur in 
light em itting and detecting devices.
The possible electron energies are based on the free electron m odel and the 
parabolic dispersion is given as
E ( k )  = h ^ k ^ I Z m *  (2 .1 )
W here k  is the crystal m om entum  and m* is the effective m ass o f  the electron. 
The effective mass o f  the electron is different from the free electron mass rrie and it 
is the m ass that the electron appears to have in the crystal. It describes the curvature 
o f  the band in w hich electrons m ove in the CB. A  plot o f  an E-k diagram  for a bulk 
direct band gap m aterial yields parabolic bands for both CB and VB as shown in 
figure 2.2. The effective mass is inversely proportional to the curvature o f  the band. 
The sm aller the effective mass, the larger is the curvature, thus in figure 2.2. The
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effective mass o f  electrons in the CB is lower than the effective mass o f  holes in 
the VB in III-V  sem iconductor [2].
m  = d ? E j (2 .2)
CB
Energy
HH
K
LH
SO
Figure 2. 1 : E-k diagram for electrons and holes in a bulk semiconductor
The top o f  the VB consists o f  three degenerate bands, heavy hole (HH) and light 
hole (LH) are degenerate at zero m om entum  (referred to as the F point in Brillion 
zone). This three fold degeneracy is reduced to two fold due to the spin-orbit 
interaction and third band called the spin-orbit sp lit-off band is at lower energy, Ajo 
below the m axim um  o f  the VB. The t^so separation is called spin-orbit splitting
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energy w hich is also o f  crucial im portance for the perform ance o f  photonic devices 
as w ill be discussed in this thesis.
2.3 Density of states and carrier occupation
The density o f  states (DOS) o f  a m aterial describes the num ber o f  states 
available to be occupied by electrons per unit energy per unit volum e represented 
h y p ( E ) .
In bulk m aterials the carriers are not confined and can m ove in all three 
dimensions. The density o f  states for bulk m aterial is given by equation 2.3
p i E )  = { 2 m . y h ^ f ^ 2 E ^ / ^ l 2 n ^  (2.3)
For a two dim ensional structure like quantum  wells the carriers are restricted to 
m ove in 2-D. The DOS in this case is independent o f  energy and depends only on 
the effective mass. The density o f  states for quantum  wells is given in equation 2.4
P ( £ ) = 5  (2.4)
In quantum  wires, the carriers are restricted to m ove in one dimension. The DOS in 
quantum  wires has an inverse energy relationship given in equation 2.6
p i E )  oc (2.6)
A  quantum  dot is a zero dim ensional structure w ith DOS given by equation [2]
c( C2/7)
S (E )  is the delta function. Figure 2.2 illustrates the density o f  state for 3D, 2D, 
ID  and OD system.
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Energy
Figure 2. 2 : Density of states for 3D, 2D, ID and OD.
The Ferm i function gives the probability that a state with energy E  w ill be occupied 
in an ideal electron gas at therm al equilibrium  and is given by equation (2.8) [3]
/ ( £ )  = (2 .8)
exp
E - E f ,
ksT +1
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W here E  energy o f  the state, E/is, the Ferm i level, kg the Boltzm ann constant and T  
is the tem perature. The Ferm i level is a reference energy level where the 
probability o f  electron occupancy is 0.5.
The density o f  carriers in a band is described by the integral product o f  p (E) 
w ith / (E) as given in equation 2.9 for the CB.
(2.9)
The jo in t density o f  states (JDOS) is described as the num ber o f  electronic 
states in the VB and CB separated by a given photon energy. It has a profound 
effect on the optical properties o f  any m aterial, e.g. the absorption transition 
through any m aterial depends upon the availability o f  states in the initial and final 
states. It is described more in Chapter 3. DOS and carrier concentration also have 
an im portant role in the radiative and non-radiative recom bination m echanism s 
happening in sem iconductor m aterial/devices.
2.4: Semiconductor alloying
Sem iconductor alloying is the process o f  m ixing tw o or m ore sem iconductors 
in such a w ay that the incorporated sem iconductor elem ent is substituted in host 
sem iconductor in random  diatribution. A n exam ple o f  a ternary alloy is InxGai.xAs 
w hich is form ed w hen some (a fraction x) o f  the Ga atoms in GaAs are replaced 
w ith In. It has a band gap value betw een that o f  the two binary sem iconductors 
GaAs and InAs in a simple approximation.
Eg (%) =  (1 -  x)Ea (GaAs)  +  xEg ( InA s )  (2.10)
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GaAs
Linear interpolation
>*
oc
HI InAs
Non-linear interpolation0.5
0.0
0.0 0.2 0.4 0.6 0.8 1.0
In fraction (%)
Figure 2.3: InGaAs alloy, the linear interpolation between two binaries (gray line) and 
non-interpolation represented by black curve.
This is known as a virtual crystal approxim ation (VGA) and is applicable for well 
m atched alloys when the one species o f  atoms is replaced with others that have 
sim ilar properties e.g. electronegativity or size. M ore realistically, in m ost o f  the 
cases the interpolation deviates from the linear interpolation. The small deviation 
from the linear interpolation is described by adding a bowing param eter in the 
VGA. The non-linear interpolation is required while taking into account the local 
changes in bonding, e.g. due to strain, dipole strength, etc. w hich causes it to 
deviate from the simple linear interpolation [4].
En(x)  = (1 -  x)Eg (GaAs)  -F x E c ( In A s )  -  x ( l  -  x )C (2 .11)
C is an empirical bowing param eter taking into account these effects, for InGaAs. 
Both linear and non- linear interpolation for InGaAs are shown in figure 2.3 w ith G 
~ 0 .475eV  [5].
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The case o f  highly m ism atched alloys, w hen an atom  is replaced w ith a very 
different one, e.g. As being replaced by N  leads to different behaviour. Both are 
very different in electronegativity and atomic radii as shown in table 2.1. H ighly 
m ism atched alloys include those com pound sem iconductors w herein the anion 
species has been partially replaced by an isovalent im purity o f  m uch different 
electronegativity or size. Exam ples include GaNxAsi.x, GaNxPi-x, GaSbxAsi.x, and 
GaBixAsi.x (the focus o f  this thesis). The band gaps o f  these alloys have an 
unusually strong dependence on the com position and have a strong deviation from 
VGA. Their band gap bow ing m ay be explained by the band anti-crossing m odel as 
discussed in the next section.
2.4.1: Band anti-crossing model (BAC).
The BAG m odel has first proposed by Shan et a l to explain the large band 
gap reduction in the dilute nitride GaNAs system [6]. A s discussed above, i f  the 
host and incorporated anions are different in size and electronegativity, the 
incorporated elem ent creates its own localised energy state. In this case, the 
incorporation o f  highly electronegative N  atoms on the anion sublattice introduces 
localized defect states sufficiently close to the conduction-hand edge o f  the host 
m atrix [7]. These localised defect states undergo an anti-crossing interaction w ith 
the extended states o f  the host (GaAs) conduction band edge due to Pauli exclusion 
principle. This interaction causes the splitting o f  the conduction band into E -  and 
E+ levels, w ith the downward m ovem ent o f  the E -  leading to the band gap bow ing 
observed in these dilute alloys as shown in figure 2.4
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D)
0)
C
LU
0
Wavevector
Figure 2 .4 : Schematic diagram of the conduction-hand dispersion relations for GaAsN
at 300K from the BAC model (solid curves). For comparison, the unperturbed GaAs 
conduction band and the position of the nitrogen level are shown as the dotted and dashed 
curves, respectively.
The effect o f  N  on the valence band o f  GaAs causes a small shift (negligible 
com pared to the CB shift [8]. The unstrained conduction band m inim um  o f  GaAsN 
is determ ined in the approxim ation o f  this model [6].
[CaAsN]-  (GaAs) + - ^[Eç^( G a A s ) + 4C^v (2 .12)
W here Ec(G aA s) is the energy level o f  the unperturbed conduction band m inim um  
o f  GaAs, the nitrogen localised level due to the nitrogen incorporation, 
describes the coupling between the N level and the conduction band o f  the host 
material and x is the nitrogen composition. B ism uth incorporation into GaAs also 
causes a giant band gap reduction as N causes in GaAs as shown in figure 2.5 by 
blue and red curves.
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Figure 2. 5: Representation of band gap reduction by incorporating N (red curve) and Bi 
(blue curve) into GaAs. The data for the red and the blue curve is based on the calculation 
in ref [10], Where band gap reduction is -lOOmeV/N % for the dilute limit of N 
incorporation [11] and -80meV/Bi% [12].
TableZ.l: Atomic radii and electronegativity of N, As and Bi.
1 1 1 1 1 
tensile <— -I 
G aA sN /
1.3pm
1 ' 1 ' 1 ' 1 ' 1 
.G aA s
-V -^  compressive 
\ .  GaAsBi
-  -  V  -  -
- ^GaAsN(4.6%)
1.55pm
I 1 1 1 1
GaAsBi(14%) '
J I i l  1 1 1 1
Element Electronegativity Atomic 
Radii (A)
N 3.04 0.70
As 2T8 1.21
Bi 2.02 1.63
Albert et al[13], proposed that a sim ilar principle can be used to explain the 
band gap reduction in GaAsBi, as As and Bi are also highly m ism atched in atomic 
radii. B ism uth is larger in size than As and also Bi is less electronegative than A s as
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shown in Table 2.1, w ith the bism uth level lying -  0.4 eV below the VB o f  the host 
GaAs (later, Broderick et a l[ \A \  reported that the Bi level is ~ 0.183eV below the 
VB o f  GaAs) as shown in figure 2.6 together w ith the alignm ent in other materials. 
The bism uth level causes a band anti-crossing interaction w ith the valence band o f 
the host GaAs causing the splitting o f  the VB energy levels into E+ and E. bands. 
This led to the splitting o f  VB (HH, LH and SO) energy level into six energy levels 
HH^, LH^, SO^ and HH", LH', SO'. The E+ levels are located above the bism uth 
level and the E. ones below  the bism uth level as shown in figure 2.7.
-4 .8  “I
- 5 . 2 -
-5 .6  -
?
>: -6.0 H
2  
<D
^  -6 .4 -1
- 6.8  -
- 7 . 2 - "V
GaP GaAs InGaAs GaSb AlAs
Broderick et al
K
Alberi et al
InAs
Figure 2.6: The schematic representation of the bismuth energy level with respect to VB 
maximum of different binary and ternary materials. The Ev,ave to calculate Ey for different 
materials has been taken from the ref [15].
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Figure 2. 7: Schematic representation of the splitting of valence bands of GaAsBi into E+ 
and E. [16].
Based on the valenee band anti- erossing (VBAC) model, the unstrained 
E+ and E. levels at the Zone eenter are given as
[GaAsBi] = (GaAs) + E^ -^  ±  yj[E^ (GaAs) -  Eg. f  + 4Cg,x
W here x is the bism uth eomposition, E^ (GaAs) the energy level o f  the unperturbed 
valenee band m axim um  o f  GaAs, E b{ the bism uth loealised level due to bism uth 
ineorporation, and Cgi deseribes the coupling between the Bi level and the valenee 
band o f  the host material. Considering all energy levels relative to the top o f  the 
valenee band o f  GaAs, in equation 2.10, E+^ ^^  actually gives the shift o f  the 
valenee band edge upwards relative to the valence band edge o f  pure GaAs w ith the 
increase in Bi composition. As a first approxim ation, i f  it is assum ed that the CB is
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unaffected since Bi level lies at a m uch low er energy than the CB, the band gap o f  
unstrained GaAsBi is given as
£  (GaAsBi) = £^(GaAs) -  [GaAsBi] (2.14)
including all the term s from equation 2.13 and rearranging this can be w ritten as
E  (GaAsBi)= E  (G aA s)-
AEV B M -B i l + 4x
CBi
V B M -B i
(2.15)
V^ EvBM-Bi is the energy difference betw een the V BM  o f  the GaAs and the B i level. 
The further explanation to understand the derivation o f  equation 2.15 is in the 
Appendix 9.1. The valenee band anti-crossing m odel has been used so far to 
explain the band gap reduction o f  bism ide alloys. H owever, the experim ental 
results (presented in this thesis) revealed that the CB also moves down significantly 
w ith the incorporation o f  Bi w hich cannot be ignored. This w ill be further 
discussed w ith the aid o f  results in Chapter 4.
2.4.2 Effect of temperature on the band gap
The band gap o f  semiconductors can be tuned by tem perature in order to 
study the characteristics o f  the material. Tem perature also affects the carrier 
concentration and therm al spread o f  carriers affecting different processes in 
devices. It is crucial to explore the tem perature dependence o f  the band gap o f  a 
sem iconductor m aterial because, for example. A uger losses in devices are sensitive 
to it. The band gap in III-V  semiconductors decreases w ith increasing tem perature. 
W ith the increase in tem perature, the am plitude o f  atomic vibration increases, 
w hich in turn enhances the inter-atom ic spacing. The tem perature dependence o f  
the band gap o f  sem iconductors is described by the empirical V arshni equation
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a T 2
(2.16)
W here Eg (0) is the band gap o f  m aterial at OK, and a  and p are m aterial 
param eters. One o f  the m ain attractions o f  GaAsBi or InGaAsBi is their potential 
for Eg to be less tem perature sensitive than GaAs or InGaAs, respectively. One 
possible explanation for this is the anti- crossing interaction o f  the Bi level w ith the 
V BM  o f  GaAs. This interaction is responsible for the relatively sm aller m ovem ent 
o f  the V BM  w ith respect to tem perature. Tem perature dependence results for the Eg 
o f  bism ide alloys (GaAsBi, InGaAsBi and GaAsNBi) w ill be presented in this 
thesis. These results, w hich are based on Varshni fits and also linear gradients at 
higher tem perature (100K-300K) show that the band gap o f  bism ide alloys is less 
tem perature sensitive than that o f  the corresponding m aterial w ithout Bi.
2.4.3: Band alignment types
The w ork presented in this thesis m ainly concerns heterostruetures such as 
GaAsBi/GaAs, GaAsBiN/GaAs and GaAsBi/GaAsN. Thus, it is very im portant to 
know  the type o f  band alignm ent at these interfaces. There are com m only three 
types o f  heterojunctions form ed by com bining tw o sem iconductor m aterials A  and 
B w ith different band gaps as shown in figure 2.8. The basic theory o f  band 
alignm ent w ill help to identify the category in w hich these novel alloys fall.
Type -I band alignm ent (also called straddled alignm ent) occurs w hen both the 
CB and VB edges o f  m aterial B lie w ithin the band gap region o f  sem iconductor 
m aterial A, e.g: A lGaAs/GaAs and InGaAs/InP. In a type-I band alignm ent, the 
lowest energy transition is the spatially direct transition betw een the valence and 
conduction band o f  m aterial B. M aterial A  w ith a higher band gap is used as a 
potential barrier to confine the carriers in the ease o f  type- I quantum  w ell 
structures.
In Type II alignm ent (also called staggered alignm ent) m aterial A  has the 
lowest conduction band edge, and material B has the highest valence band edge
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such that the lowest conduction band edge is above the highest valenee band edge, 
for exam ple GaAsSb /  GalnAs structures. A  type II line-up creates the situation 
where the lowest energy transition is betw een the highest VB edge o f  m aterial B 
and the low est CB edge o f  m aterial A. In this type o f  band alignment, confinem ent 
o f  electrons/holes is provided by different layers, i.e. conduction band confinem ent 
is provided by m aterial B and VB confinem ent by m aterial A, or vice versa. 
Transitions betw een electrons and holes are therefore spatially indirect. In a type 
III band alignment, the conduction band edge o f  one m aterial A  is below  the 
valenee band edge o f  the second m aterial B. This also called broken -g ap  
alignm ent or type- II broken alignment. The types o f  alignm ents have a profound 
effect on device properties.
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Type-1
Type -II
Type-ni
Figure 2. 8: Different types of heteroj unction band alignment 
2.4.4 Strain effects on the band gap
Strain is another factor that needs to be considered since it m odifies the 
band structure and can open up new  device applications. The strain can be induced 
when thin/thick layers are grown on thick/thin substrate layers having a different 
lattice constant. The growth o f  stable strained layers is technologically very 
challenging. There is the specific value o f  thickness for each sem iconductor 
epilayer substrate combination, called the critical thickness, below  w hich the
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Strained layer is expected to be therm odynam ically stable. Above this critical value, 
the strain is relieved through dislocations. The strain can be o f  two types: tensile 
strain and com pressive strain as shown in figure 2.9 [17].
Tensile strain occurs w hen the lattice constant o f  the epilayer is less than the lattice 
constant o f  the substrate. The lattice under tensile strain is stretched due to in-plane 
strain and com pressed along the direction o f  growth. Com pressive strain occurs 
when the lattice constant o f  the epilayer is greater than the substrate. Here in-plane 
strain on the lattice is compressive, but stretched along the growth direction. The 
effect o f  strain is to m ove the band edges and split the degenerate valence bands 
(HH and LH) near the zone centre (T).
A llo y s  w i t h  l a r g e r  l a t t i c e  
c o n s t a n t  t h a n  s u b s t r a t e
/ S m a l l e r  la t t ic e  c o n s ta n t '
Compressive strain
T e n s ile  s tr a in
Substrate
Figure 2. 9: Schematic diagram of two types of strain: (left) compressive when the 
epilayer has a lattice constant greater than that of the substrate and, (right) tensile when 
the lattice constant of the epilayer is smaller than that of the substrate
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The m aterial discussed in this thesis is m ainly com pressively strained. 
Considering the case o f  com pressive strain, the in-plane com ponent o f  compressive 
strain is
4l =  ^XX =  ^yy =
and the out -of- plane component, i.e. strain along the grow th direction is
=  ^zz =  “  ( ^ )  ^XX
where qq and a are the lattice constants o f  the substrate and epilayers, respectively. 
Cii and Ci2  are the elastic stiffness constants o f  the epilayer. The total strain is 
resolved into purely uniaxial and hydrostatic com ponents. The uniaxial com ponent 
o f  the total strain is, E^x =  “  ^||
and the hydrostatic com ponent is e^qi =  w here Av, is the change in
volum e 17 [18].
^ V O l  ^ X X  T  S y y  +  S ^ Z  (2.17)
The investigation o f  strained layers is im portant to learn m ore about the band 
structure deform ation potential, i.e. hydrostatic deform ation potential due to the 
volum e change and the shear deform ation potential (also called uniaxial 
deform ation potential) due to the symmetry change.
The hydrostatic com ponent o f  com pressive strain causes an increase in the band 
gap, while tensile strain causes a decrease in the band gap. The uniaxial com ponent 
o f  strain causes the valence band splitting. The shifts and the splitting o f  the bands 
is shown schem atically in figure 2.10. U nder com pressive strain the heavy hole 
band is m oved upw ard to higher energy w hile the light hole m oves to low er energy. 
U nder tensile strain the shear (uniaxial) deform ation potential m oves the light hole 
band upw ard and heavy hole band downward [17] [18]. The effects o f  strain on the
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band gap and valence band splitting are shown in figure 2.10 and figure 2.11.The 
figure 2.11 also represents the effects o f  strain on the hole m asses in the higher VB. 
For the com pressive strain the hole mass becom e lighter in the in-plane direction, 
kx and ky, w hile in case o f  tensile strain it becom es lighter in grow th direction k .^
hydrostatic uniaxial
Unstrained compressive compressive 
uniaxial hydrostatic ,
tensile tensile CB /
Tensile Strain Compressive Strain
Ih
\ hh hh hh ,'
Ih Ih Ih \
hh
Figure 2 .10: Schematic representation of the shift o f the CB edge at zone centre (T) due 
to hydrostatic component of strain and splitting of the VB edge at (F) due to the uniaxial 
component of the strain.
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CB
CB
CB
LH
HHHH
SO
LH
SO
SO
Com pression No strain Tension
Figure 2. 11: Strain effects on the band structure (i) unstrained (ii) tensile strained, light 
hole (LH) move upward, becoming maximum of the valence band and HH downward (iii) 
for compressive strain the splitting is reversed (redrawn from Ref [18]
2.5 Carrier recombination mechanisms
W hen the charge carriers are excited either optically, electrically or 
thermally, they return to their ground state by different recom bination m echanism s, 
i.e. radiatively or non- radiatively.
2.5.1 Radiative Recombination
In radiative recombination, excited electrons from the conduction band 
return to the valence band and recom bine w ith holes by em itting energy in the form 
o f photons. This is the band- to- band recom bination m echanism  shown in figure 
2.12. I f  n is the density o f  electrons in the conduction band and p  the density o f  
holes in the valence band, then the radiative recom bination rate is given by
Rrad = Bnp, and in the case where n = p, R^ad = B rf 
where B is the radiative recom bination coefficient.
(2 .18)
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CB
HH
LH
SO
Figure 2. 12: Schematic representation of radiative recombination
2.5.2: Non- radiative recombination
In non-radiative recom bination such as defect and A uger recom bination, the 
energy o f  the transition can be released via phonons in the ease o f  defects and also 
Auger recom bination, therefore heating the lattice.
2.5.2.1: D efect assisted recom bination
This is the non-radiative process in which electrons recom bine via a trap 
(defect) level. These trapped carriers then relax back to the valence band, 
recom bining w ith a hole. This is called Shockley- Read- Hall (SRH) 
recombination. These traps could be impurity atoms sitting on atomic sites or 
vacancies created during growth. The defects could have an affinity for holes or 
electrons, so this m echanism  is proportional to injected carrier density. The defect 
dom inated recom bination rate is described as
Rdef = An or Ap (2.19)
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This recom bination process may emit a photon having an energy equal to the 
energy difference betw een the CB and defect state or defect state and VB or only 
the phonons as shown in figure 2.13 (a), (b) and (c). Therefore m aterials with poor 
crystalline quality (i.e., a high density o f  defects) will have w eaker PL intensity. In 
this case as shown in 2.13 (e) there w ill be em ission o f  phonons causing heating the 
crystal. Because o f  this m onom olecular recom bination m echanism  the PL emission 
intensity or threshold current for the devices will be highly dependent on the 
growth quality o f  the material.
Phonon -v\a»^ Photon --VVW
CB
HH
LH
SO
CB
HH
LH
SO
CB
h(jj
HH
LH
SO
Figure 2. 13: The defect recombination depending upon the position of the defect within 
the band gap (a) & (b) are the cases of shallow traps while in case of (c) the trap is in the 
middle of the band gap.
2.5.2.2 Auger Recom bination
A uger recom bination is a scattering process betw een carriers. In such 
processes, indirect recom bination between two charged particles exchange energy
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and m om entum  to a third charged particle w hich is excited to higher energy. That 
charged particle, then de-excites via lattice vibration (phonons). The A uger 
recom bination rate is described as
^Auger =  C n p  or Cp^n =Cn^ assum ing n = p  (2.20)
A uger recom binations are very sensitive to the band gap o f  the sem iconductor and 
increases as the band gap o f  the sem iconductor decreases because the intrinsic 
carrier densities at given tem perature are expected to be higher at sm aller band 
gaps. This is a lim itation o f  long w avelength devices as described in Chapter 1. 
The m ost com m only occurring processes are CHCC, CHSH, CHLH and p-CHCC. 
The first three are grouped as band- to- band and the last one is considered as 
phonon assisted [19], as described below.
In a CHCC process, the indirect recom bination betw een an electron in the 
conduction band and a hole in the valence band (CH) transfer energy and 
m om entum  to a second electron in the conduction band. That electron is excited to 
a higher energy state in the conduction band (CC) by conserving m om entum  and 
energy. In the CHSH process, the indirect recom bination o f  an electron from the 
conduction band w ith a hole in the valence band (CH) excites a hole into the spin 
orbit split o ff  band (SO), and is therefore called a hot-hole producing process. 
Similarly, in the CHLH process, it excites the hole into the light hole band. A ll 
three processes CHCC, CHSH and CHLH are shown in figure 2.14.
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Conduction band
H e a \i hole band 
Light hole 
Spin split off bandCH CC C H SH
CB
H H
L H
CHLH
Figure 2. 14: Representing the three main types of Auger recombination.
The overall recom bination rate can be described by the equation
(2.21)—  =  —An — Bn  ^— Cn^
dt
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W here A, B and C are the recom bination co-efficients and n describes the carrier 
concentration assum ing again n =  p . The three recom bination m echanism  related to 
n, y f  and being defect recom bination, radiative recom bination and A uger 
recom bination, respectively
2.5.2 3: Identifying the dom inant recom bination m echanism
For the m aterial investigated in this thesis, the recom bination m echanism s 
have been identified using pow er dependent photolum inescence studies on wafers. 
The total pum p pow er absorbed in to the sample is proportional to the sum o f  all 
carrier related processes, i.e. the rate o f  injection balances the rate o f  
recom bination. The expression for the total pum p pow er P is given as
P oc A n  + B n^  +  Cn^ (2.22)
This is the sim plified form o f  the rate equation for steady state PL. The PL 
m easurem ent is the radiative recom bination com ponent o f  the above equation. 
Therefore the m easured integrated PL output is given by:
LccJSnf (2L23)
A ssum ing that B is independent o f  the carrier density, it follows that
(2 2 4 )
I f  one recom bination process dominates over all others in the sample, the equation 
2.22 is w ritten as pow er law
P cc (:2.25)
W here Z = 1, 2, 3
Substituting equation (2.24) into (2.25)
P  oc T^/2
Taking the log o f  both sides gives
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log (P) oc I
or
log (L) oc-lo^P ( 2.2 6 )
Z
This equation gives the relation betw een the m easurable variable o f  pum p pow er 
and light intensity. Plotting logL vs LogP and taking the gradient is a m ethod o f  
identifying the recom bination m echanism s in the sample under study. As band-to 
-band radiative recom bination involves tw o particles (Z=2), the slope w ill be 1. 
D efect recom bination involves only one particle {Z= l), and thus the slope w ill be 2 
and A uger related recom bination, w hich involves three particles {Z=3) should have 
a slope o f  2/3.
2.6 Intervalence band absorption (IVBA)
A nother loss m echanism  w hich is possible in narrow  band gap m aterials is 
IVBA. In this loss m echanism , the electron in the light hole or spin orbit split o ff 
band absorbs a photon and is excited to an em pty state in the heavy or light hole 
band instead o f  being prom oted to the CB as shown in figure 2.15. These 
transitions are dependent on the band structure, particularly on the spin-orbit 
splitting energy (A^o). These transitions becom e active w hen the H H  or LH  to SO 
splitting is equal or sm aller than the band gap Eg o f  the material.
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Conduction band
Heavy hole band
Light hole
Spin split oflF band
Figure 2. 15: IVBA occurs when spin orbit splitting energy (A so ) is equal or smaller than 
the band gap energy.
2.7: Carrier leakage losses
These losses involve the escape o f  electrons or holes from the active region o f 
a deviee into the barrier layer. Figure 2.16, is a schematie diagram  showing earrier 
leakage from a QW. Carrier leakage depends on the barrier height and earrier 
mobility. The holes are less mobile because o f  their larger effective masses 
eom pared to electrons. The electron leakage is generally higher for given band 
offset at a fixed carrier density [20]. Carrier leakage increases w ith inereasing 
tem perature as the carriers gain enough therm al energy to escape from the active 
region at high temperature. These carriers may recom bine non-radiatively or 
radiatively in the barrier layer, eausing heating in the devices w hich adversely 
affects the device perform anee.
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Barrier
<< Q W
Electron Leakage
Hole
Leakage
Figure 2. 16: Schematic representation of carrier leakage process from the active layer 
(represented as QW here) to the barrier.
2.8: Summary:
In this chapter the basic concepts o f  sem iconductors needed to understand 
the w ork in this thesis were introduced. The effeet o f  alloying, strain and 
tem perature on im portant band param eters was discussed. Finally the effect o f  band 
structure on carrier recom bination and how the pow er dependent 
photolum inescenee m easurem ents can be used to understand more about the 
different carrier recom bination processes in a material were discussed.
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TER 3
Characterisation Techniques
From their theoretical background to practical implementation
3.1: Introduction
As discussed earlier in Chapter 1, this thesis reports on the characterisation o f  
novel bism ide alloys, establishing their band structure and also exploring the basic 
physical properties \vhich benefit the m aterial and device engineering for energy 
efficient photonic devices. W hile characterising new  sem iconductor alloys, it is 
crucial to accurately determ ine the band structure. For that purpose, various optical 
characterization techniques have been used in this work, e.g. photolum inescence, 
absorption and m odulation spectroscopy. These are o f  great im portance, because 
they help to identify the m aterials that have potential for photonic devices. A n 
added benefit is that these are contactless and non-destructive. This chapter will 
m ainly give an overview  o f  characterisation techniques from  their background 
physics to practical im plem entation. This chapter is organised in tw o sections. The 
characterisation techniques and their background theory w ill be discussed in detail 
in section A. W hile experim ental components o f  the setups for the different spectral 
ranges (visible to infira- red) w ill be described in section B.
Section A
3.2 Photoluminescenee (PL)
W hen light from an excitation source w ith photon energy greater or equal 
to the band gap energy is incident on an intrinsic sem iconductor, the valence band 
electrons absorb that energy and are excited to the conduction band, creating 
electron hole pairs w hich can recom bine either radiatively or non-radiatively. The 
ordinary PL spectrum  only provides the inform ation about the low est energy states.
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because the therm alisation o f  photoexcited carrier via em ission o f  phonons is rapid. 
The relaxation within kgT to the lowest available states is m uch faster than the 
recombination.
Energy
CB
Laser
Excitation
Electron
h v  =  E,
PL
Hole
VB
LH
Wavevector
Figure 3.1: Typical transition in PL
The band to band recom bination provides inform ation about the band gap o f  the 
material. The radiative transitions may also involve localised defect levels and PL 
associated w ith these levels can be used to identify specific defect transitions. The 
return to equilibrium  or recom bination can involve both radiative and non-radiative 
recombination. Analysis o f  PL intensity and its dependence on photo-excitation 
helps to identify the related dominant recom bination m echanism  and the underlying 
physies behind the recom bination m echanism  as already discussed in C hapter 2 
(seetion 2.5.2.3) [3].
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3.2.1 PL Experimental Arrangement
A  schem atic o f  the typical PL setup can be seen in figure (3.2). N orm ally a 
cw laser is used as the excitation source, m aking use o f  their high pow er densities 
and coherence. The chopped laser beam  is directed onto the sample, photoexciting 
the charge carriers. The em itted PL in response to the laser excitation is then 
collim ated by a lens and subsequently focussed to the m onochrom ator w here it is 
spectrally resolved. The detector after the m onochrom ator detects the intensity o f  
each spectral com ponent and a com puter constructs the spectrum. In order to 
improve the signal to noise ratio (SNR) a lock- in am plifier is used.
In narrow  band gap materials, the PL intensity is relatively w eak due to the 
low photon energy and non-radiative m echanism s, e.g. A uger recom bination. In 
this case, a high pow er laser is required for good signal strength [4]. A  diode 
pum ped solid state laser, DPSS w ith w avelength 532nm, pow er range up to 
1000mW  has been used. H igh excitation pow ers can induce heat inside the sample 
which can be seen in the tem perature related shift in the peak em ission wavelength. 
W ith the increase in excitation power, there is an increase in the generation o f  
carriers the energy bands get filled leading to the band filling effect. Consequently, 
the em ission w avelength peak is shifted to shorter wavelength.
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Detector (e.g. simple Si 
photodiode) Filter
Lamp
Lock-inLenses
Sample ifierampMonochromatoi
Chopper ruu I
Reference *
Computer
laser
Figure 3.2: Schematic representation of PL setup
3.2.2: Normalization of PL spectra
The m easured PL spectrum  contains a contribution from system effects such 
as the grating response, detector response and other components in the system  such 
as lenses. The resultant signal may thus contain features due to these effects in 
addition to other features such as water absorption and the detector cutoff, etc. The 
removal o f  these effects in order to look at the pure response from the sam ple o f 
interest is called norm alization. In PL, the m easured spectrum o f  the sam ple is 
divided by the system response. The m easured spectrum  from the sample is
M ( T )  =  X (3.1)
W here M (X) is the m easured spectrum, which contains the true sample spectrum  S 
(1) and the system response R  (1). In order to rem ove R  (X), the spectrum  is 
m easured by replacing the sample w ith the calibrated light source o f  the know n
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output spectrum. The m easured output spectrum  with the calibrated light source is 
given by equation (3.2)
McW = X W
Mc(A)
R ( X )  =
(3.2)
(3.3)
Substituting equation (3.3) into equation (3.1)
S ( À )  =  M ( X ) .
ScW
The system response for PL m easurem ents at two different setups used in this work 
is shown in figures 3.3 (a) and 3.3 (b).
w ater  a b so rp tio n  reg ion
0 . 8 -
G e + Triax 550
0 .6 -
S  0 .4 -
0 .2 -
0.0
6 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0  1 6 0 0  1 8 0 0
lnGaAs+ SpexlOOOm
0 .8 -
0 .6 -
I
0 . 2 -
1000 1 5 0 0 2 5 0 02000
W avelen gth (n m ) Wavelength (nm)
Figure 3. 3: a). The system response of the PL setup with germanium detector (b) spectral 
response of PL setup with the InGaAs detector
84
Chapters: Characterisation Techniques
3.3 Absorption Spectroscopy
In absorption, the focus is on the am ount o f  transm itted light w hich is 
dependent on the light being absorbed by the sem iconductor to generate electron 
hole pairs, w hile in PL, the interest is on the re-em ission o f  the absorbed photons. 
The transm ission is defined by the Beer-Lam bert law [5]
T ih v )  = -  =  (3.9)
W here Iq is the total intensity o f  light shining on the sample, from  w hich a part 
w ill be reflected from  the surface o f  the sample. W ith reference to figure 3.4, R  is 
the reflected light, then the light that enters the sample at x=0 in figure 3.4 is
7(0) =  / o ( l - R )  (3.10)
Taking into account the reflected light from the back surface o f  the sam ple, the 
transm itted light w ill be
It = Iq( 1 -  R f e x p  i - a L )  (3.11)
W here L is the thickness o f  the sample, so the transm ission w ill be 
T {h v ) = ^ =  (1 -  (3.12)
W here It is the m easured transm itted light intensity and 7 o is m easured w ithout 
the sample in place. The absorption coefficient can be calculated as
«  =  (3.13)T{hv)
W here L is the thickness o f  the sample. The absorption coefficient is related to the 
band gap o f  direct band gap sem iconductors [6]
a Q iv)  oc ^ Q iv  — E g )  (3.14)
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Plotting a vs hv  gives inform ation about energy features as is shown by the red 
curve in figure 3.4. The absorption coefficient o f  a material is a function o f  the 
w avelength o f  light incident on it. A bsorption spectroscopy helps to study the band 
structure by probing the band edges rather than occupied energy levels as in PL.
LR
(l-R)Io
X=0 X=L a
hv
Figure 3. 4: Transmission through sample and graph between absorption coefficient vs 
energy.
The basic experim ental arrangem ent for the absorption m easurem ent is very simple 
as shown in the figure 3.5. This setup was used for T-dependent absorption. The 
majority o f  the results presented in this thesis are m easured by using V arian Cary 
5000 UV-V is-N IR spectrophotom eter. The Cary 5000 has the advantage o f  a dual 
beam  light source and can perform  the absorption experim ent for the reference and 
the unknown sample simultaneously. This instrum ent can record data from 190 to 
3300nm.
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c h o p p e r
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Lock in Amplilfier
Computer
monochromator
Black body 
Light Source
Figure 3.5: Sehematic representation of absorption experimental setup
3.3: Modulation spectroscopy
In m odulation spectroscopy, the internal electric field o f  the m aterial is 
periodically changed due to an external applied perturbation i.e, laser, heat, 
tem perature and stress etc. In this work, photom odulated reflectance spectroscopy 
has been used in which the internal electric field is m odulated by photo-induced 
variations by a chopped laser beam.
3.3.1 Photomodulated reflectance spectroscopy (PR)
PR is considered to be an excellent technique due to its sensitivity to critical 
points in the band structure [7]. The w eak features w hich are som etim es difficult to 
observe in absorption or reflection can be enhanced in m odulation spectroscopy as 
shown in figure 3.6.
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Figure 3.6: Comparison of room temperature reflectivity and electro-reflectanee of GaAs
[7] [9].
In this contactless and non- destructive form o f  m odulation spectroscopy, 
the internal (in-built) electric field o f  the m aterial is modulated. This m echanism  o f 
photo-induced m odulation o f  the in-built electric field Foe  is explained in figure 
3.7 in the case o f  an n-type semiconductor. Because o f  the pinning o f  the Ferm i 
energy at the surface, a space charge layer exists. The occupied surface states 
contain electrons from  the bulk as shown in figure 3.7 (a). W hen the laser is on, it 
excites the electron hole pairs which drift under the influence o f  the in-built electrie 
field and holes (in this ease) are captured by the surfaee states reducing the 
magnitude o f  the field from Foe  (highlighted by red mark) to Foe - ^Ae  shown in
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figure 3.7(b). W here F^c  is the change in the internal electric field when the laser 
is on. W hen the laser is off, the surface population is back and the field is restored
[8 ]. This modulates periodically the dielectric function (e  = [£2 ) by As =
As]+iA£2 , thus the refractive index is m odulated and consequently the relative 
reflectivity AR/R.
Laser off Laser in
ionized
donors
VB
a)
e e e e
e
e
e | |
o i l
b)
F(z) F(z)
DC
Figure 3. 7: a) Photoinduced changes in the electronic bands (b) changes in in-built 
electric field for ^-type semiconductor [9].
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3.3.1.1 M odulated dielectric function
Considering the PR  m ode o f  operation, for an air- bulk sem iconductor boundary R  
is given as [10]
7 2 j-— 1R =
2
(3.15)rir+l
W here is the com plex refractive index o f  the sample w hich can be related to the
com plex dielectric fiinction as , where p  is the perm eability w hich is
assum ed close to be unity for the sem iconductors considered here, s  is the com plex 
dielectric constant o f  the m aterial w ith its real and s  2  im aginary parts 
s  = s^ + is 2  (3.16)
W hen a laser shines on the sample, it changes the reflectivity o f  the sample. That 
change can be calculated by taking the sum o f  the partial derivatives o f  R  w ith 
respect to and £ 2  [H ].
(3.17)
The norm alized change o f  the signal can then be w ritten as
The above equation can also be w ritten as the real part o f  a new  com plex function
in w hich a  = 6  = - - ^  as defined by Séraphin and Bottka [11]:
Rds^ ^ Rd£2  ^  ^  ^
Y  =  i? e [ (a - i )S ) ] (A £ i  +  iA£2) (3.19)
Substituting {a  — i/3) = 
this yields:
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- ^  =  i?e [Ce (A£i +  îA£2 )] [ 12] (3.20)
where a  and (3 are the Séraphin coefficients.
Here 6  is the phase and C is the am plitude o f  the PR  signal. For the bulk single 
layer, these vary only w eakly as a function o f  photon energy [11]. In such cases, 
the actual line shape o f  the PR  signal is determ ined by and A£ 2  w hich are the 
changes in and £ 2  due to external m odulation. and £ 2  are related to each other 
by the Kram ers K ronig {KK) relation [13] (further details are in the A ppendix 9.2). 
The K K  transform ation actually relates the real and im aginary parts o f  any com plex 
function and i f  one is know n the other can be calculated from it.
3.3.1.2: O rigin o f PR  features
The strength o f  the m easured optical signal depends on the jo in t density o f  
states m aking this m ethod sensitive to transitions at critical points in the Brillouin 
zone (BZ) o f  the m aterial studied. The resulting spectrum  has sharp derivative like 
features. The origin o f  these sharp PR  features at specific energies can be 
understood by exam ining the connection betw een £ 2  and the band structure. £ 2  is 
the im aginary part o f  the dielectric function and related to the absorption o f  photons 
in the material. A ssum ing that the absorption is due to the sum o f  all possible 
vertical transitions i.e between states o f  the same ^-vector and separated by the 
energy difference E f- Ei = AE = hœ  as shown in figure 3.8 [14],
- 9 . ,2
£ 2  (w )~  .0 (A E  -  hoS) (3.21)
a  t 2 7 r ;
e .M if is the m atrix elem ent o f  the perturbing light w ave w ith respect to the w ave 
function o f  the initial and final states. This gives the probability o f  electronic 
transitions occurring betw een the states induced by an incident EM  w ave (further 
discussed in A ppendix 9.2).
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E(k)
CB
A'A"
VB
Figure 3.8: Representation of all vertical absorption transitions between the same value 
of A: (2D).
Further, assum ing that the m atrix elem ent is the same for all the pairs o f  
states located vertically above each other in A: - space regardless o f  their location in 
the BZ, the jo in t density o f  state (JDOS) function, J  (AE) is defined as
(3.22)
The JDOS function represents the density o f  states o f  both initial and final states 
w ithin the BZ for w hich Ef- Ei = AE = ho)
Therefore,
8 2 ( 0 ) ) '-  (3.23)
The transform ation o f  volum e integral o f  (3.22) into a surface integral over the 
constant AE surface describes the (JDOS) m ore clearly in this case.
J i m  =  f  d^k— j i ^ E  -  hco)
J i m  = J
(2 n y
(3.24)
Vi^(AE) is the gradient o f  the separation o f  the initial and final states w ith respect 
to k.
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The points for w hich |V/g(AE)|= 0, are im portant points in the band structure as the 
integral in the above equation has a singularity at this point [14]. Such points in the 
BZ are called the critical points and the above condition is satisfied for the points o f  
high sym m etry in the BZ (e.g, T, X, L). The high sym m etry point F  is considered 
as the m ost im portant critical point in the BZ in direct band gap sem iconductors 
and here both the VB and CB dispersions are zero.
Generally, the m atrix elem ent is a slowly varying function o f  k, w hile JDOS is a 
strongly varying function o f  energy as it is w ritten as DOS oc — Eg .
Thus equation 3. 24 can be approxim ated on this basis by 
£ 2  (o)) oc JDOS
Therefore, the critical point energies in the band structure have an influence on the 
spectral profile o f  £2 - The determ ination o f  these transition energies is the first step 
towards exploring the detailed electronic band structure.
3.3.1.3 Line shape o f PR
In all m odulation techniques, the perturbation changes the dielectric 
properties o f  solids. Considering the PR  as a m odulation in the electric field (F), 
A spnes [12] described that the perturbation due to the electric field m odulation 
destroys the translational sym m etry o f  the crystal and accelerates the free charge 
carriers. This is equivalent to the spreading o f  the form erly sharp vertical 
transitions o f  the unperturbed crystal over a finite range o f  initial and final 
m om enta as shown in the inset in figure 3.9 below.
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Electric field >0
Electric field 'vO
Figure 3. 9: Effect of the electric field modulation on the imaginary part of the dielectric 
constant [12]. The yellow solid line is £ 2  when the applied field is zero, and the dashed 
black curve represents the modified £ 2  in the presence of an electric field. The red dashed 
spectrum is the difference {A£ 2 ) of £ 2  with field and without field.
I f  the field is not too large Pi0< y , where h 0  is electro-optic energy given as 
h© This is the energy gained by a charged particle due to the
applied field. In this low field regime, m ixing w ill be restricted to those electron 
and hole wave functions near the original vertical allowed transitions. This will 
smear out the unperturbed dielectric function which will yield com plicated 
difference spectra, as shown in the figure 3.6. The m odulation results in a third 
derivative like line shape. This can be explained by a simple derivation (is 
explained in Appendix 9.3) o f  the effects o f  an electric field on the dielectric 
function [7].
Aspens described the TDFF model to analyse the third derivative line shape o f  PR
given as
AR 
R
(3 .25)
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W here C deseribes the amplitude o f  PR  signal, 6 is the phase and y  is the 
broadening param eter. The exponent n depends on type o f  critieal points and has 
values 2.5, 3 and 3.5 for 3D, 2D and ID  m aterial (further explanation to understand 
the different values o f n is given in A ppendix 9.3.1). However, in this thesis, the 
TDFF fit on the experim entally obtained speetra was tried w ith ^ = 3 and 2.5 both 
o f whieh yielded sim ilar results.
3.3.1.4: Franz Keldysh Oscillations
W hen the eleetric field is larger, the eleetron and hole wave funetions have 
tails in the forbidden gap resulting in below absorption due to the field induced 
tilting o f  the CB and VB as shown in figure 3.10. This means carriers can partly 
tunnel into the forbidden gap. Above A^ 2  and thus the PR  signal is oscillatory 
due to the interference effects in the wave funetions, however, the envelope o f  the 
oscillation decays exponentially as the carriers have energetically more favorable 
states near the band edges. These oscillations are called Franz-K eldysh oscillations 
(FKO),whieh has not been m uch seen in this work [15].
conduction band
h v  >  E(
h v  <  E(
n
— without field
valence band
z -direction energy
Figure 3.10: Schematic representation of the Franz Keldysh effect on the interband 
absorption, (a) bands are tilted in the presence of electric field and wave function have 
leaking tails in the forbidden energy gap [16].
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3.3.1.4 Experimental arrangement of PR
The PR  experim ental setup that is com m only used is shown in figure 
(3.11). The probe beam  o f  intensity lo focussed on the surface o f  the sam ple is 
taken fi*om a Quartz halogen lamp and dispersed through a m onochrom ator. The 
chopped laser beam  is used as the pum p beam  and is incident on the sample o f  
interest. The laser beam  is incident on the sam ple in such a way that it should 
overlap w ith the probe beam  [1]. A  H eNe laser, Ar^ laser and a DPSS 808nm solid 
state laser have been used as the source for the m odulation in this work. The 
reflected beam  is detected by photodiodes o f  the required range in conjunction w ith 
a lock-in- amplifier.
In PR, both signals, R  and AR, are im portant in order to m easure AR/R, so 
it is com m on to separate the signal before the lock in amplifier, in order to m easure 
the DC (R) via a m ultim eter and AC com ponent (AR) via the lock in am plifier 
simultaneously. The DC com ponent is proportional to I qR  and the AC com ponent is 
proportional to I qAR. In the case o f  PR, the signal at the detector is a m ixture o f  
scattered laser light, AR  and the PL from  the sample. These all are m odulated at the 
same firequeney so it is possible to detect the scattered laser light on the lock in 
amplifier. Care should be taken to m inim ise the am ount o f  scattered laser light on 
the detector by using the appropriate long pass filter in front o f  the detector. 
Sometimes, the PL signal is stronger than the PR  signal and so a PR  signal w ith 
large PL background is measured. This problem  can be solved by using long focal 
length optics. The background radiation is also m easured in the presence o f  the 
laser shining on the sample and subtraction o f  this background from the sam ple PR  
helps to rem ove the PL background. The PL intensity is not o f  prim ary concern as 
com pared to the scattered laser light. The system  response is rem oved since the 
ratio AR/ R  is m easured and the background subtracted every time.
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Figure 3.11: A schematic arrangement for the Photomodulated reflectance 
spectroscopy.The probe beam and pump beam both are focussed on the same spot of the 
sample [17].
Section B
In the above deseribed experimental techniques, different parts o f  the setups 
have been used appropriately for the targeted w avelength ranges. In this seetion, 
these different com ponents will be discussed in detail.
3.4: Czerny Turner grating monochromator
The com m on components used in all the experim ents are the m onochrom ator 
and the grating spectrom eter used for visible and near infra- red spectroscopy. A 
com m only encountered design is the Czerny Turner grating m onochrom ator as 
shown in figure 3.12. The light from the broadband light source is focussed on the 
first slit Si. This light is then collimated by the collim ating m irror and directed 
towards the rotatable grating. The beam is then split into a continuum  o f  dispersed 
beams w hich are directed onto the focussing mirror. The focussing m irror focuses 
these beams to the second slit S2 . The output w avelength o f the light directed at S2
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may be chosen by the angle o f  the grating thereby scanning the projected spectrum 
across S2 until the desired w avelength falls on its centre.
The resolution o f  the spectrom eter is dependent on the size o f  the slits (Si and 
S2) and the line density o f  the grating. N arrow er slit widths, provide better focus, 
finer resolution and narrow er the line w idth o f  the output spectra, how ever this is 
at the cost o f  the intensity o f  the signal. W ider slits provide stronger signals at the 
cost o f  resolution. W ider slits are helpful w hile setting up the optics and once the 
signal is identified, it can be tuned to better resolution by reducing the size o f  the 
slit. However, w ider slits are required if  the signals are very weak as then the aim is 
to collect the m axim um  intensity. Specifically, in the PR  arrangem ent used in this 
thesis, w ider slit sizes help to illum inate the sample w ith the m axim um  intensity o f 
light.
To experiment/ 
detector
Broadband fight
Rotatable
Grating
Entrance
Focusing
Mirror
Collim ating
Mirror
Figure 3. 12: A schematic representation of a Czerny- Turner monochromator [18].
Four different Czerny- Turner spectrom eters have been used in the experim ents 
presented in this thesis.
1- Triax 320
2- Triax550
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3- Spex 1870
4- Spex 1000m
Triax 320 produced by Jobin Yvon, a division o f  H oriba has three selectable 
gratings, each 2.5 square w hich has w avelength ranges as shown in Table 3.1,
Table 3.1 : Details of the Triax 320
G ra tin g  
B laze (pm )
O p era tin g  ran g e  
(pm )
G rooves/m m D ispersion
(nm /m m )
1.5 1-3 600 5 28
5.0 3-10 150 :2.i:)
15.0 10-30 60 5 2 ^
This spectrom eter covers the longer range o f  w avelength and can w ork up to 
30pm  depending upon the selected grating, however, specifically grating 1 w ere 
useful for this work. This covers the long w avelength range as shown in figure 
3.13. The experiments o f  this thesis w ere in the range o f  0.8-3pm. In the range o f  
2 .7pm -3pm  the efficiency o f  grating 1 and 2 is both lower. This is m ain setup 
w hich can operate over longer range and it is used for absorption, PL, PR, and PT 
for the w ide range o f  wavelengths.
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Figure 3.13: Theoretical efficiency curve of grating 1 and grating 2 of Triax- 320.
Adapted from [19]
Another Triax 550 was used for PL m easurem ents (discussed in Chapter 6) 
perform ed at the University o f  Sheffield, UK. The Triax 550 has three grating 
selections: 1200 grooves/m m , 900 grooves/m m  and 600 grooves/m m  which 
corresponds to blazed w avelength (optimal wavelength) o f  330, 850 and 1500 nm, 
respectively. A ll PL m easurem ents w ere carried out using the 900 grooves/mm 
grating because it has the highest efficiency for wavelengths from 850 to 1400 nm.
A single grating m onochrom ator Spex 1870 was also used. The grating was 
blazed at a w avelength o f  1.5pm with 300/mm grooves and was used in a separate 
setup from the Triax 320 and has an operating range o f  0.3-2.8pm. This was 
m ainly used w ith an InGaAs detector for the near-IR  optical measurem ents. The PL 
setup for the visible and near infra-red used the Spex 1000m single grating 
spectrom eter w here PL enters at one entrance and detector sits at the other end. The 
grating w as blazed at 1.5pm and cover the range 0.3-3pm . The PL m easurem ents 
discussed in C hapter 5 were perform ed at this setup. The com bination o f grating 
spectrom eter and detector used in this w ork for different wavelength ranges is 
sum m arised in Table3. 2.
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Table 3.2: Combination of grating spectrometers and detectors used in this work
W avelength range Grating D etector
1 (600-800) nm 1.5pm, Spex 1870 RT, Si detector (bare 
detector)
(800-1700) nm 1.5pm, Spex 1870 RT, InGaAs detector 
(bare detector)
(800-2800) nm 1.5 pm, Triax 320 N itrogen cooled InSb 
detector (model # l.S-2.0) 
Infra-red associates
(3-4) pm 5 pm, Triax 320 Nitrogen cooled InSb 
detector, (model # l.S-2.0)
(800-2500) 1.5 pm, 1000m N itrogen cooled, InGaAs 
detector.(model 
#Hamamatsu-G7754-01)
3.5: Optics
Lenses are used to focus the light in the experim ental setup as described 
above for PL, absorption and PR  m easurem ents. This is the second com m on 
elem ent after the grating that has been used in all experim ents in this thesis work. 
Parabolic m irrors are also used for focussing the light as the light don’t suffer from 
chrom atic aberration (dispersion o f  light into its colors) as happened in lenses. This 
also reduces the distance travelled by the beam  w hich helps to m aintain strong light 
intensity betw een the source and the final destination due to beam  divergence. 
However, the optical adjustm ent w ith m irrors is com plex because m oving each 
piece impacts on all the mirrors w hich also need to be adjusted. These are helpful 
i f  the setup is fixed at one alignm ent for one type o f  spectroscopy, how ever, in this 
w ork there was frequent switching betw een absorption, PL, PR  and PT setups. It is 
straight forward to use lenses as focussing objects, because each lens can be
101
Chapters; Characterisation Techniques
focused independently when light passing betw een them  is collimated. Two types 
o f lenses made o f  erown glass and calcium  fluoride, were used depending upon the 
range o f  w avelength o f  the particular experiment.
The standard optical lens is usually made o f  crown glass such BK7 and 
B270. These have a transm ission o f  90% in the visible region w hich starts to drop 
from 1.6pm up to 2 .3pm  after w hich the transm ission is negligible. For the 
experim ent in the longer X range above 1.6pm, calcium fluoride lenses were used 
w hich have 90% transm ission betw een 0 .2pm -7pm  as shown in figure 3.14. 
However, these are costly com pared to the glass lenses and also very sensitive to 
moisture in the air.
CaF  ^Transmission (1 mm Thick Sample)
m
Figure 3. 14:CaF2 transmission [20]
3.6: Photodetectors
The detector is the third common com ponent o f  the apparatus used in these 
spectroseopie measurements. Four different sem iconductor detectors w ere used 
depending upon their efficiency over the targeted w avelength range. However, the 
basic principle o f  operation is the same in all the sem iconductor detectors. The 
incident photon w ith an energy greater than the band gap o f  the m aterial that is
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used to m ake the detector is absorbed and excites the electrons from the valence 
band to the conduction band. These excited electrons will drift, creating a current 
under the electric field that is provided by reverse bias.
The silicon, germanium, InGaAs and InSb detector were used (their m odel num ber 
is shown in Table 3.2). The room  tem perature silicon detector was used to measure 
the spin-orbit splitting energies in the range o f  0.5-0.9pm  as it operational range is 
from 300nm to 1 lOOnm as shown in figure 3.15.
»I
0.7
0.0
0.3
Û
300 400 500 ODD 700 800 900 10DD 1100
W avelength  (nm)
Figure 3.15: Response curve of the Si detector [21]
Germ anium  and InGaAs detectors have been used for m easurem ents in the 
range o f  0.8-1.7pm  as their efficiency is around 80% betw een 1.2 pm  -1.5 pm  for 
Ge and 1.5 pm  - 2 pm  for the InGaAs detector as shown in figure 3.3 (a) and 3.3 
(b). The InSb detector has been used for the m easurem ents above 1.6pm. This is a 
liquid nitrogen cooled detector and has an option to be used with a DC coupled 
pre-am plifier that helps to sim ultaneously m easure the AR  and R signals in PR 
experiments. Its response curve is shown in figure 3.16 and can be used up to 
5.5pm.
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Figure 3.16; Detection efficiency of InSb detector. Adapted from [23]
3.7: Summary
The experim ental methods used in this w ork were introduced at the start o f 
this chapter w ith their working principle and practical im plem entation. Their 
respective experim ental setups were also shown w ith all the com ponents for the 
different ranges o f  wavelengths. Care was taken to choose the appropriate 
com ponent for the required w avelength range. The norm alization processes were 
used for each spectroscopic technique to rem ove the w avelength dependent 
features caused by the components in the system.
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C hapter 4
Electronic Band Structure o f 
G aBixA si-x
4.1: Introduction and Motivation
Briefly recapping from Chapter 1, one o f  the lim itations o f  infra-red devices 
(lasers, optical am plifiers and m odulators), especially those used in 
telecom m unications, is that currently several tim es m ore energy is used to stabilise 
their tem perature and m aintain their characteristics than the energy required for 
their operation. The tem perature sensitivity o f  com m ercially available telecom  
lasers (1.3 gm  -1.55gm ) is m ainly caused by heat losses (Auger recom bination) and 
also by the tem perature dependence o f  the band gap o f  sem iconductor m aterials 
used to m ake these devices. This significantly increases the pow er dem and in 
developing fiber-to-the hom e (FTTH) systems as internet usage is increasing 
enorm ously day-by-day. The m otivation is to develop new  m aterial 
system s/devices w hich allow energy savings by rem oving the need for therm o­
electric coolers and air conditioned systems in order to cool the telecom  
components.
Current telecom  laser m aterial such as InGaAsP and A lInG aA s, suffer from 
heat losses due to their electronic band properties; specifically the fact that their 
band gap is greater than their spin-orbit splitting energy [1]. This causes dom inant 
non-radiative recom bination losses involving the excitation o f  a hot hole into the 
spin-orbit split-off band (CHSH A uger losses) and IVBA in spite o f  near perfect 
m aterial quality and optim ised laser design. D ifferent approaches have been tried to 
solve the problem  such as the incorporation o f  nitrogen into GaAs but such
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approaches have been lim ited by m aterial quality, and fundam entally still suffer 
from A uger and IVBA losses [2] [20]. A nother approach was the (InAs/GaAs) 
quantum dot laser which also suffers from the same losses [4] [5] as discussed in 
Chapter 1.
Recently, a radical approach was proposed to use bism uth alloys as the active 
layer in lasers due to their interesting electronic band structure. Bism uth 
incorporation into GaAs has the potential o f  achieving A§o > Eg w hich helps to 
eliminate the non radiative CHSH A uger losses as shown in figure (4.1) and IVBA 
shown in (Chapter2) figure (2.13) [38].
CB
HH
LH
SO
CB
so
LH
Figure 4. 1 : (a) Schematic representation of band structure when CHSH is happening 
while, /Iso < Eg and (b) representation of band structure when /Jso> Eg help to reduce 
CHSH Auger losses.
In addition to that, the high spin-orbit splitting energy o f  III-V bism uth alloys 
makes it potentially suitable for spintronic devices [7]. B ism ide alloys also offer 
significant opportunities for the developm ent o f  low-cost, efficient terahertz 
technologies due to their potentially sub-picoseeond trapping tim es in GaBiAs.
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Together w ith the narrow  band gap and relatively high electron mobility, this 
makes this m aterial very attractive for m anufacturing photoconductive antennas for 
terahertz em ission and detection. Center for Physical Sciences and Technology, 
Lithuania (FTM C) is working on this project and Teravil is com m ercialising this
[8] [9]. Co-alloying o f  N  and Bi also opens up some other applications. For 
example; GaAsBiN lattice m atched to GaAs (or Ge) can form  the leV  junction for 
m ulti-junction solar cells, w hile lattice-m atched GaBiAs/GaNAs superlattices 
could find application in m id-infrared detectors [10] as w ill be discussed in Chapter 
7. Similarly, Bi incorporation in InGaAs offers the potential to develop light 
em itting /  detecting devices in the m id-IR  range w hile at the same tim e m aintaining 
lattice m atching on InP, w ill be discussed in Chapter 5 and 6. The bism uth 
containing alloys have enorm ous potential, but little is know n about their 
properties. In this thesis, these alloys have been explored. This chapter mainly 
contains the discussion about the ternary GaAsBi alloy.
4.2: Early Work
4.2.1: Growth and band structure characterisation of GaAsBi
The incorporation o f  bism uth into III-Vs w as started first tim e studied in 
1969 by Jean Louis et al, later on Jo u ko ff e t a l in 1972 proposed that the m etallic 
nature o f  the InBi could reduce the band gap o f  InSb [11]. The aim  was to develop 
far infra- red detectors to replace m ercury cadm ium  telluride (M CT) for the range 
o f  8 -12pm. B ism uth containing alloys e.g. InSbBi/InSb and InAsBi/InSb have been 
explored for this purpose [11][I3]. This m aterial system  did not progress m uch due 
to its growth difficulties and the lim ited solubility o f  Bi [13].
Later on in 1996, Oe and Asai proposed that by alloying 111-V 
sem iconductors w ith GaBi, a semi-metal, it m ight be possible to m ake a 
sem iconductor w ith a tem perature insensitive band gap. This w as based on the 
example o f  Hgi.xCdxTe, an alloy o f  the binary sem iconductor CdTe and a sem i­
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m etal HgTe [14]. This led to the interest in developing telecom  lasers w ith the 
active region w hose band gap em ission w avelength w ill not vary m uch with 
increasing tem perature. B ism uth incorporation into GaAs was first tim e reported 
by Oe et a l in 1998 by m etal organic vapour phase epitaxy (M OVPE) w ith -2 .4 %  
Bi at Kyoto Institute o f  Technology (KIT), Japan [15]. O e’s initial 
photolum inescence characterisation o f  GaAsBi epilayers showed the tem perature 
coefficient (obtained by a linear fit betw een 100-300K), dEg/dT ~  O .lm eV /K  w hich 
is less than dEg/dT- 0.42m eV/K for GaAs. The tem perature sensitivity o f  the band 
gap o f  GaAsBi w ith 2.6%  bism uth has also been studied by PR. The tem perature 
coefficient w as found to be 0.15m eV/K [16].
There has also been interest in the co-alloying o f  Bi and N  both to improve 
the properties o f  dilute nitrides. In 2001, a theoretical piece o f  w ork was presented 
by the researchers at the National Renew able Energy Laboratory (NREL) for co­
alloying o f  Bi and N  into GaAs in order to  im prove the quality o f  G aAsN material. 
GaAsBi and GaAsN are considered to be com plem entary ternary alloys, bism uth 
moves the VBM  upw ard and nitrogen m oves the CBM  down. B ism uth atoms are 
larger than As atoms and therefore provide com pressive strain on GaAs while 
nitrogen atoms are sm aller than As and cause tensile strain. It was therefore 
suggested that the inclusion o f  both nitrogen and bism uth w ould be beneficial in a 
strain com pensated quaternary GaNAsBi alloy lattice m atched to GaAs. 
Furtherm ore, N  incorporation was considered to be responsible for the degradation 
in m aterial quality, so varying the B i and N  content for a particular w avelength can 
be adjusted w ith m inim al possible N  [17].
In the m eantim e, the researchers at the University o f  British Colum bia (UBC) 
started incorporating Bi as a surfactant in order to im prove the quality o f  dilute 
nitrides. PL studies showed that the PL em ission intensity o f  these sam ples was 
higher than the surfactant free samples. They reported the incorporation o f  -  3.1%  
Bi into GaAs by m olecular beam  epitaxy in 2003 [18]-[19]. The PL and electro­
m odulated reflectance characterization o f  these epilayers showed that incorporation 
o f  a small percentage o f  bism uth can reduce the band gap by 84-88m eV / % Bi
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which is m uch larger than the 16meV/%, 21m eV/%  for In and Sb incorporated in 
GaAs, respectively and com parable to 125meV/% for N  incorporation into GaAs. 
Researchers at UBC had also reported that the extrapolated lattice constant o f  GaBi 
~ 6.33 ±  0.06À was close to the theoretically predicted value -  6.324 A  [21]. The 
electro-m odulated reflectance revealed that the valence band splitting increases at 
the 16.1meV/Bi%  under com pressive strain and the tem perature dependence o f  the 
band gap w as found to be sim ilar to that o f  GaAs. In 2005 and early 2006, 
researchers at UBC, N REL and K IT focussed on the investigation o f  quaternary 
GaAsBiN alloys (this w ill be discussed in detail in Chapter 7) [21] [23].
A side from  tuning the band gap, it was also identified that bism uth 
incorporation into GaAs could create a large spin-orbit splitting due to  its high 
atomic num ber (Z= 83) and this was experim entally observed by F lugel et a l for 
the first tim e in 2006 [7]. PL and transm ission m easurem ents o f  GaAsBi up to 
1.8% Bi revealed that the spin-orbit splitting energy increases w ith increasing 
bism uth concentration thus m aking it interesting for spintronic devices.
In 2007, PR  m easurem ents w ere perform ed on GaAsBi up to -  8% Bi to 
determ ine the com position dependence o f  the band gap reduction and increase in 
spin-orbit splitting. Albert e t a l discussed the physics o f  the band gap reduction in 
111-V m ism atched sem iconductor alloy arguing that the band gap reduction by 
bism uth incorporation is m ainly due to the effect o f  Bi on the valence band 
m axim um  (VBM ) in the sam e w ay that nitrogen alloying causes the band gap 
reduction by m oving the conduction m inim um  (CBM ) down. They also accounted 
for the CB downward m ovem ent w hile determ ining the total band gap reduction in 
GaAsBi [25]. As discussed earlier in Chapter 2, as the im purity atoms (Bi) have a 
lower electronegativity and ionization energy than the host anion elem ent, it forms 
localised defect levels closer energetically to the VB w hile in G aAsN w here N  has 
a higher electronegativity than the host anion it forms the localised defect level 
closer energetically to the CB. The bism uth defect level causes an anti-crossing 
interaction w ith the valence band o f  GaAs and is responsible for the com position 
dependent reduction in the band gap. As a result o f  the anti-crossing interaction, the
111
Chapter4: Electronic Band Structure of GaBlxAsi.x
VBs split into six valence sub-bands w hich may be grouped as E+ (HH^, LH^, SO^) 
a n d E  (HH% LH% SO ) [25].
In 2008, Pettinari et a\ [26], investigated M BE grown GaAsBi m aterial w ith -1 .9 %  
Bi by m agneto-PL under m agnetic fields betw een 0-30 Tesla. They found the 
exciton reduced mass -  0.088mo for GaAsBi in com parison to -0.054m o for GaAs. 
This revealed that the localised potential o f  Bi atoms not only affects the VB, but 
the CB states as well. In addition to the band gap reduction and the increase in spin 
orbit splitting, an increase in its PL intensity w ith increase in B i fi*action was 
observed peaking at 4.5% , only a factor o f  3 lower than PL o f  a bulk p+ doped 
GaAs reference sample. The PL has been m easured up to 10.6% Bi by researchers 
at UBC. The initial increase in PL intensity suggested that bism ide alloys may be 
useful for light em itting devices [27]. The PL intensity found to  be decreased after 
-  5% Bi and was attributed to the structural defects due to the low  tem perature 
growth.
4.2.1.1 R eview  o f growth conditions for GaAsBi
Bism uth incorporation requires special grow th conditions, specifically low  
tem perature, as B i stays on the surface and does not incorporate at 400^C-500^C 
and evaporates above 500^C [28] [29]. The first system atic study o f  M BE grow th 
conditions required to incorporate Bi into GaAs was perform ed by Yoshimoto et a l 
[29] and was found that the growth tem perature needs to be below  400^C and even 
as low as 250^C for high Bi content. A nother im portant factor to incorporate the Bi 
is to control the A s flux w hich m ust be m aintained close to the stoichiom etric V/111 
ratio. A t high A s/G a ratio, it is difficult to incorporate the Bi as it gets out- 
com peted by As atoms [29]-[30]. On the other hand, i f  the As flux is low  the grown 
epilayer ends up w ith excess Ga and Ga droplets form on the surface [31]. The Bi 
flux is also a very im portant param eter as increasing the Bi flux increases the Bi 
incorporation. Once the growing surface gets covered w ith the layer o f  Bi, the Bi 
concentration saturates and increasing the B i flux has no effect on the B i content 
and grown m aterial ends up w ith the form ation o f  B i droplets.
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The very first growth o f  GaAsBi was done by M OCVD how ever the 
incorporation o f  high Bi content creates difficulties as it requires an even lower 
tem perature. M OCV D  m ight not be the choice for the incorporation o f  high Bi 
content because the incorporation o f  high Bi content needs tem perature lower than 
400^0 and in M OCVD, the tem peratures below  400^C cause carbon incorporation 
from the precursors decom position [29]. However, both grow th techniques have 
been able to produce notew orthy successes to date. The highest Bi content reported 
to date by M BE is 22%  by lowering the grow th tem perature to 200°C [31]. 
However, no light em ission has been reported, as it was expected that the optical 
quality m ay be degraded due to a high defect density due to the very low  grow th 
temperature. The highest Bi content w ith PL em ission has been reported at 10.6% 
to date. Recently 2.2%  Bi containing Q W  was grown at 400®C by M OCV D  and 
served as the active region o f  the first electrically injected bism ide laser 
dem onstrated by researchers at the Philipps-U niversitat M arburg, Germ any and 
U niversity o f  Surrey, U K  [32]. This study has been extended to 4.4%  Bi 
incorporation at 400°C by M OCVD for the active region o f  a Q W  laser [33].
As described earlier, the am ount o f  B i content incorporated into a GaAsBi 
layer grown by M OCV D  is, as yet, significantly low er than the bism uth content in 
the M BE grown material. On the other hand, slow M BE grow th rates considerably 
com plicate the fabrication o f  the whole laser structure. Researchers at the Philips 
U niversity M arburg in collaboration w ith the Center for Physical Sciences and 
Technology, L ithuania (FTM C) are working on M OV PE/M BE hybrid growth. 
The active layer o f  the laser structure is grown by M BE at FTM C and the 
rem aining parts o f  the whole laser structure are grown by M OV PE at M arburg. 
Laser devices w ith Bi -  6.5%  have been fabricated by this hybrid technique and 
charcaterised at the University o f  Surrey, UK. This approach shows prom ise for 
dem onstrating lasers w ith high bism uth content.
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4.2.2 Electrical characterisation
Besides all the growth challenges, this m aterial has significant potential for 
light em itting/detecting devices as som e early test devices have been fabricated and 
light em ission has been m easured firom them  [35]. E lectrolum inescence (EL) 
m easurem ents have been perform ed on light em itting diodes (LEDs) and RT 
emission reported w ith an injection current density o f  50Acm'^ w ith Bi ~ 1.8% 
[35]. Researchers at the University o f  Sheffield, UK, have m easured RT EL from 
LEDs w ith up to B i ~ 6% at lower injection current densities -  8Acm'^. They 
attributed the lower injection current requirem ent for em ission is due im proved 
quality o f  m aterial as it was grown at relatively higher tem perature ~  400°C as 
com pared to 300”C in the form er case [36]. Furtherm ore, the first optically pum ped 
laser w ith em ission around 980nm  w ith low  T-sensitivity o f  lasing w avelength has 
been dem onstrated by Tominaga et a l at K IT [37].
The potentially lower T-sensitivity as com pared to InGaAsP and the prospect 
o f  band engineering to achieve the condition A so > Eg to reduce the CHSH A uger 
losses makes bism ide alloy attractive for telecom s com ponents. Therefore, this 
chapter is focused on the detailed band structure o f  GaAsBi epilayers for the 
purpose o f  telecom  range operation by m easuring the band gap and spin-orbit 
splitting o f  GaAsBi w ith up to 10.4% Bi.
4.3 Sample Details
Four GaAsi.xBix samples have been studied, consisting each o f  a 450nm  
GaAs buffer layer, a 30-40nm  GaAsi.xBix layer and a 300nm  GaAs capping layer 
grown on a sem i-insulating GaAs (100) substrate. These samples w ere grow n at the 
University o f  Victoria, Canada. These samples w ere grown by M BE equipped w ith 
effusion cells for Ga and Bi and a tw o-zone valued cracker source for A s 2 - The 
bism ide layers w ere grown at low  substrate tem perature (270-300C°) and also at a 
reduced growth rate ( -  Inm /m in). The Bi content was kept in control by varying 
the three param eters (a) A s] flux, (b) Bi flux and grow th tem perature as discussed
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earlier. Further details o f  grow th conditions can be found in refs [27]-[30]. The key 
sample details can be seen in the Table (4.1).
Table 4.1: GaBiAs sample details
Sample Bi% GaAsBi 
Epilayer (nm)
GaAs cap (nm)
R1835 2.3 40 300
R1829 4.5 30 Uncapped
R1823 8.5 30 Uncapped
R1914 10.4 30 Uncapped
4.4 Experimental methods and analysing technique
RT PL was perform ed to determ ine the band gap em ission for different 
Bi content. As discussed earlier, the PL only tends to m easure the low est possible 
transition, usually the band gap. In order to probe the detailed band structure such 
as transitions at higher energies PR  was perform ed on these samples. For R T PR  
m easurem ents, a 514nm argon-ion laser w ith pow er ~ 126mW, chopped at a 
frequency o f  333Hz was used as the pum p source and a m onochrom ator and 
tungsten filam ent lamp was used to probe the sample. The phase sensitive detection 
o f  the PR  signal w as m ade by using a lock-in am plifier and either InGaAs or Si p-i- 
n photodiodes. The PR  spectral line shapes w ere fitted using the sum o f  tw o Aspnes 
third derivative functional forms (TDFFs) described in Chapter 3. PL and PT w ere 
also perform ed on these samples which helps to confirm  the PR  results for band 
gap transitions.
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4.5 RT PL and PR measurements of GaAsi ^BL (2.4% < x < 
10.4%)
4.5.1: RT PL PR measurements of GaAsBi epilayers for band gap 
determination
R T PL spectra for all four samples listed in Table 4.1 is shown in figure 4.2. 
The longest em ission w avelength obtained from the highest B i containing sample at 
RT is -1 .5 2 p m  w hich shows the potential for these devices to operate in the 
telecom  range. The PL intensity first increases, peaking at 4.5%  Bi as shown in 
figure (4.2) w hich is in agreem ent w ith results seen by Lu et a l [30] and 
M uham m ad et a l [38]. GaAs grown at low  tem perature -3 0 0 ^ 0  has excess As at 
antisites and interstitials w hich can still be seen in 2.3%  Bi containing sam ple’s PL 
around 1pm but not in the higher bism uth containing samples up to 4.5%  bism uth 
content. The increase in the incorporation o f  Bi first helps to reduce the As 
antisites and interstials defects up to 4.5%  Bi in this study. The second factor in PL 
enhancem ent m ight be the increase in confinem ent o f  carriers due to increase in 
band offsets o f  G aAsBi/GaAs [38]. The decrease in the PL intensity at higher Bi 
content is due to tw o factors: a) for the incorporation o f  high Bi content, the grow th 
tem perature needs to be further reduced down from 300^0 and the B i flux needs to 
be higher at the higher Bi fractions, w hich both can cause the defects as discussed 
earlier; (b) higher Bi containing samples are in the range o f  w avelength (1.3- 
1.6pm) w here the non-radiative recom bination are active w hich also contribute to 
the reduction in PL intensity. The band gap energy values have been taken as ksT/2 
lower than the PL peak energy values to account for the therm al spread o f  carriers 
at RT (PL peak energy values are given in the Table 4.2).
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Figure 4. 2: RT PL of the GaAsBi epilayers GaBixAsi.x epilayers ranging (2.3% < x < 
10.4%).
RT PR was perform ed to further probe the band strueture o f  these layers 
in detail. First an exam ple PR  speetrum  for one o f the samples w ith 8.5% Bi 
eontent w ith its two oseillators based TDFF fits is shown in figure 4.3 (b). The 
sehem atic representation o f the two transitions is sketehed in figure 4.3 (a). The 
two transitions have been identified as HH-CB and LH-CB as the structural 
characterisation o f  these samples showed that GaAsBi epilayers are fiilly 
com pressively strained to GaAs [19] [27].
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Figure 4. 3: (a) the schematic representation of ground and higher energy band transitions, 
(b) PR spectrum for the band gap transition of Bi= 8.5%. The low energy oscillator at 0.89 
eV represents HH-CB and the second oscillator LH-CB at a higher energy
Com prehensive optical studies w ere tried on all the samples by the same PR 
technique and fitted in the same way using TDFFs. Figure (4.4) shows the room  
tem perature PR spectra along with the TDFF fits o f  GaBixAsi.x for x = 0%, 2.3% , 
4.5%, 8.5% and 10.4%. There are two clear transitions observed in all the samples; 
the low energy features for the heavy hole valence band to the conduction band 
transition (HH- CB) and the com paratively higher energy is for the light hole 
valence band to the conduction band transition (LH-CB). The transition around 
~1.43eV on the lower right corner o f  the figure (4.4) is the band gap transition o f  
the GaAs substrate. The fitted transition energy values and their
broadening param eters can be seen in the Table (4.2) for all four samples. The 
transition energies are labelled with the superscript + by taking into account the 
VBAC. According to that model the Bi localised state will split up the VB states 
into VB^ and V B ' as discussed earlier in this chapter. However, Usman et a l [39], 
reported that there is no effect o f  VBAC on the SO band as Bi resonant level lying 
~ 0.183eV below the VB is far away from the SO band. The two effects w ith the
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increase in Bi content can be clearly seen from the PR  speetra shown in figure 4.4; 
firstly the eom position dependent red shift in the hand gap energy and secondly, the 
strain effeets in the epilayer w hieh split the valenee hand into the heavy hole (HH) 
and light hole (LH) valence hand. It is noticeable from the spectra o f  all samples 
that the valence hand splitting increases w ith increasing bism uth coneentration due 
to the strain in these epilayers.
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Figure 4. 4: PR spectra of GaBixAsi-x epilayers ranging (2.3% < x < 10.4%). Every 
spectrum representing the two clear composition dependent features for HH^-CB and 
LH^-CB. The transition energy values determined by TDFF are represented in the figure 
by the horizontal dashed line.
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Table.4.2: The fitted experimental transition energy values from PL and PR
Sample Bi% Eg""^(eV) Eg^"^(eV) Eg(eV)
PR PR PL
R1835 2.3 1.255 ±0.005 1.280± 0.006 1.192 ±0.026
R1829 4.5 1.080 ±0.001 1.136± 0.002 1.092 ±0.025
R1823 8.5 0.868 ±0.001 0.984± 0.013 0.879 ±0.021
R1914 10.4 0.815 ±0.0013 0.971 ±0.01 0.804 ±0.028
The third colum n o f  Table (4.2) represents the band gap transitions, i.e. conduction
to the heavy hole band and the second colum n represents the conduction to
light hole band (E /^ ^ ) . The reduction in band gap is clearly com position dependent 
and for the 10.4% sample a ground state transition o f  a w avelength o f  1.52^m has 
been achieved. The band gap energy values obtained from PR  are in close
agreem ent w ith values obtained from  PL for the GaABi epilayers except for the 2.3 
% Bi where PL seems to have lower band gap energy value than the one obtained 
from a PR  spectrum. TDFF fit o f  its PR  was harder as the bism ide transition energy 
features (Eg™"  ^ & Eg^^^) w ere in close proxim ity w ith each other and also to 
relatively stronger GaAs feature. Also, the PL spectrum  for this sample has a broad 
tail at the lower energy side contributing to the difficulty in determ ining the critical 
transition energy value.
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Figure 4. 5: The fundamental band gap transition energy values of GaAsBi epilayers for 
different Bi% obtained from the PL spectra shown in figure 4.2 and PR spectra (whose
H H + -Eg) shown in figure 4.4. The fitting uncertainties in PR results are within the
symbol size.
4.5.2: RT PR measurements for the spin-orbit splitting
The spin-orbit splitting that describes the coupling betw een the orbital 
angular m om entum  and spin angular m om entum  is m ore pronounced in the case o f  
heavy elements such as bismuth, as discussed earlier. The focus o f  m easurem ents 
was also to m easure the increase in spin-orbit energy and the same PR  technique 
has been em ployed to study this effect on the set o f  samples listed in the Table 
(4.1). The ordinary PR  experimental arrangem ent described in Chapter 2 helps to 
measure the transition from the SO band to the CB labelled as E g ^  and then the 
spin orbit splitting, Ago is deduced from the difference o f  E g ^  and Eg as A so ^
Eg as shown in figure 4.6 (a). The example PR  spectrum  w ith its two oscillator 
based TDFF fit for one o f  the samples with -8 .5 %  Bi is shown in figure 4.6 (b).
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Figure 4. 6: (a) schematic representation of and Aso- (b) Spin-orbit splitting energy is 
described by the left band part and PR speetra in the right band part shown two features; 
one for the spin orbit transition of substrate GaAs at 1.77eV and other lower energy 
feature for the bismide epilayer.
Fig (4.7) shows the PR  spectra for the spin- orbit splitting transition energies 
for the substrate GaAs as well as for the GaBiAs epilayer for the range o f  Bi 
fraetions. The com position independent feature around 1.77eV is the transition 
from SO to the CB in GaAs and the lower energy com position dependent feature is 
elearly for the GaBi^As^.x layers. The o f  GaAsBi first shows the eonsiderable 
red shift in the energy however this shift is reduced for high Bi containing samples. 
The reduction in the red shift m ight be due to the blue shift due to the com pressive 
strain in these layers.This will be discussed in detail later in this ehapter.
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Figure 4. 7: PR spectra representing the eomposition dependent transition +
Eg^'^ from spin-orbit split offhand to the conduction band for the set of GaBixAsi.x layers 
ranging in eomposition (2.3% < x < 10.4%).This also contains the almost eomposition 
independent feature for GaAs substrate and/or the capping layer here 1.77eV.
4.5.3: Alloys disorder effects in compressively strained GaAsBi epilayers
The broadening param eter (y) obtained from a TDFF fit describing the line 
w idth (HW HM ) for the all the energy transitions Eg^^" and E g ^  is shown in
Table 4.3.
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Table4.3: The values o f broadening param eter obtained from a TDFF fit o f  
the experim ental spectra shown in figure 4.5 and 4.6.
Bi
com position
(% )
Y h h
(meV)
Y l h
(meV)
Yso
(m eV)
2.3 82.1± 5.3 51.9 ± 3 .5 30.9 ± 0 .3
4.5 31.3 ± 2 .0 31.0 ± 2 .0 22.2 ±  1.3
8.5 31.4 ± 2 .2 82.1 ± 7 . 0 31.9 ±  2.2
10.4 31.4 ±  1.0 31.4 ±  l.O" 38.4 ±  3.2
Yl h  was constrained to equal to y h h  in the fit for the 10.4 % Bi due to perturbed LH 
energy feature which is difficult to model.
The broadening param eter shown in the Table 4.3 represents the line w idth o f  
the PR  spectrum  for the corresponding transition energy also indicates the 
structural quality o f  the m aterial. The value o f  the broadening param eter for the 
band gap transition is alm ost constant for all samples except for the 2.3%
bism uth containing sample. This broadening for the 2.3%  m ight be due to structural 
disorders as the PL also indicates the presence o f  defects at longer wavelengths. 
Some difficulties were encountered while fitting the PR  spectrum  for the higher Bi 
fi*action samples. A  very w eak feature in the spectra o f  the 8.5% and 10.4% Bi 
sample was observed betw een the heavy hole and light hole transitions. This 
created some challenges in achieving an acceptable fit. The spectra w ere fitted w ith 
a TDFF by accepting a broadened light hole fit as shown in figure 4.4.
The variations in the broadening param eter o f  the spectra and blurring o f  the 
light hole feature represent inhom ogeneous broadening o f  the transition energies in 
the grown samples and also com position fluctuation. This inhom ogeneous 
broadening could be explained due to two factors. Firstly, the num ber o f  Bi pairs and 
clusters increases w ith the increase in Bi content. A  Bi pair consists o f  a Ga atom 
w hich has tw o Bi neighbours w hile a cluster has a larger num ber o f  Bi atoms. A n 
assum ption w hich is m ade in BAG that Bi introduces a resonant defect level w ith 
constant energy starts to break at the higher Bi content because the pairs and clusters 
introduce energy levels lying above the isolated Ebi and interact w ith the VB level
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o f  the host GaAs. Secondly, an isolated Bi atom  also experiences a disordered local 
environm ent due to the increase in Bi content, leading to the inhom ogeneous 
broadening o f  the associated defect level energies.
The transition energy values and broadening effect seen experim entally in 
these com pressively GaAsBi strained layers are in agreem ent w ith the theoretical 
calculations perform ed by the collaborators {Usman et a l a t [40]) at Tyndall N ational 
Institute, Cork Ireland. This com parison o f  experim ent and theory is presented in 
figure 4.8 and figure 4.9. The theoretical calculations w ere perform ed by using a 
tight binding (TB) m odel w here the alloy atom  positions are determ ined using the 
Valence force field (VFF) strain energy m inim isation schem e and the electronic 
structure is calculated by using the sp^s* TB Ham iltonian. Further details and TB 
m odel param eters for GaAs and GaBi can be found in re f  [39]. In order to com pare 
the theoretical data w ith the experim ental data, the full spectrum  o f  firactional T 
character for a given alloy, Gp (E) was calculated, where Gp (E) is the projection o f  
host m atrix band edge state onto the full spectrum  o f  levels in the alloy supercell.
They determ ined the com bined HH +LH  F character spectra for each 
com position by considering the 8000 atom  supercell calculation w ith the B i atoms 
random ly distributed w ithin each supercell considered. The plot o f  theoretical results 
along w ith experim ental spectra for the band gap transitions is shown in figure 4.7. 
This figure contains the experim ental spectrum  for each Bi fraction w ith its TDFF fit 
as already represented in figure 4.5 and also contains the com bined H H +LH  F 
character calculated for each Bi fraction represented by the green bars in the figure 
4.7. The theoretical values o f  the HH and LH  transition energies (sim ilar to Eg™^ 
and Eg^^^ respectively in experiem ent) are selected fi*om the highest H H  and LH 
projections respectively. The energy values o f  the transitions obtained is shown by 
the dashed lines. For the lower bism uth containing samples (2.3%  and 4.5% ), there 
is good agreem ent betw een theoretical and experim ental values o f  the transition 
energies. H owever, at higher Bi fractions (8.5%  and 10.4%), there is a poorer TDFF 
fit to the experim ental data specifically for the light hole feature, consistent w ith the
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theoretically calculated broadening highlighted by the ovals in figure 4.8. The low 
energy feature does not require such a large broadening neither in theory nor 
in the experiment. The 2.3%  sample how ever needs a higher value for the 
broadening param eter ynnto  get a good fit m ainly due to tw o reasons (a) for lower Bi 
fi*actions, the highest VB edge is very close to the energies o f  pairs/cluster states 
therefore causing state m ixing w hich results in a broadened energy feature, and (b) 
this sample m ay have some com position variations or defects as consistent w ith long 
w avelength PL feature shown in figure 4.2.There is no significant increase in the Yhh 
for higher Bi fractions consistent w ith theory (figure 4.8). This is due to the fact the 
H H  band is w ell above the pair/cluster states in these com pressively strained layers.
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Figure 4. 8: RT PR spectra (black squares), TDFF fits (red lines) along with the 
theoretically calculated fractional HH+LH F character in order to determine the transition 
energy values and discuss broadness of the features for four GaAsBi epilayers (table 4.1). 
The theoretical values of the transition energies for and are selected from F 
character plots as the energies with highest HH and LH F character projections. The 
experimental values of transition energies are represented by dashed lines which are 
guides to the eye [40].
The values o f  Ylh increased at higher Bi fraction as shown in table 4.3 and 
also by blue ovals in figure 4.8. This is because the LH state o f  these strained layers 
gets very close to the broad distribution o f  Bi resonant states and is strongly 
perturbed for higher Bi fractions. This makes it very diffieult to assign a single 
feature to .
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The values o f  yso show a slight inerease w ith the increase in Bi fraction is 
consistent w ith the F character plots for each grown epilayer (Table 4.1) shown in 
figure 4.9. In this figure the green bars represent the calculated fractional T 
character for the SO band where the vertical downward arrows on the bars 
represents the transition energy value E g ^  for the GaAsBi epilayer. Theoretically, 
energy range (representing the broadening), AÆ, around the E g ^  was calculated 
which also shows an increase w ith increase in bismuth.
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Figure 4.9:  RT PR spectra for the Eg^  ^transition (black squares), thier TDFF fits (red 
lines) and theoretically calculated T character for the SO band (green bars). The transition 
energy values are represented by the downward arrows on the T character plot and also on 
the PR spectra [40].
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4.5.5: Effect of bismuth incorporation on the band edges
The effect o f  bism uth concentration on all transitions and E g ^ ^  and 
E g ^  is collectively shown in figure (4.10) for all the range o f  Bi compositions 
studied here. These energy values obtained from  experim ental PR  spectra are in 
good agreem ent w ith the theoretical values from  Y  character as shown in figure 
4.10. The experim ental transition energy values are represented by black solid lines 
and theoretical ones by the red lines in figure 4.10. There is poorer agreem ent for 
the 10.4% sample betw een the experim ent and theory w hich has already discussed 
earlier related to  the blurring o f  PR  features for this Bi fraction. A ll these 
transitions showed the red shift w ith the increase in Bi fraction as clear from  figure 
4.10 and the red shift in Eg^  looks lower than that for E^^~^ and E g ^ ^ .  Such a 
com position shift o f  E ^ ^ ^  and E g ^ ^  in the interband transitions is attributed to the 
band anti-crossing interactions o f  the bism uth level w ith VB o f  GaAs. The 
interband transitions from the E. (HH', LH  ) to the CB w ere not observed, these are 
probably weak. Usman et a l [39], reported that difficulty in observing these states 
m ay be due to the broadening o f  Bi resonant im purity states by the large density o f  
host valence states w ith w hich they are resonant.
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Figure 4. 10: The composition dependent behaviour of the transition energy values 
obtained by fitting the experimental PR spectra in agreement with the theoretically 
calculated values. The fitting uncertainties in the experimental values are within the 
symbol size.
4.5.6: Resonance of band gap and spin-orbit splitting in compressively 
strained GaAsBi epilayers
As the samples under investigation are com pressively strained and 
is the strained band gap for these layers, thus A^o — Eg^ — Eg^'^. U sing the 
experim ental and theoretical data from figure 4.10, the spin-orbit splitting energy is 
observed to be equal to the strained band gap at ~ 9.4 ± 0.21 % and ~ 9.6%  Bi, 
respectively as shown in figure (4.11). Knowing the bism uth content after w hich 
Aso>Eg can be achieved will help to design devices in the near infrared region 
w ithout CHSH A uger losses and I VBA [38]. Consequently, 8.5% Bi and 10.4% Bi
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containing samples are on either side o f  this resonance and further studies on these 
to explore the behavior around the resonance are discussed in detail in Chapter 6.
E x p e r im e n t  —> Solid lines  
T h e o r y  —> Broken Lines
T = 300 KHH +
0 . 6
A so
0.4
9.4 +/-0.2%
9.6%
0 . 2
4 6 1 20 2 8 1 0
Bi c o n c e n tr a t io n  (%)
Figure 4. 11: The experimental and theoretical values o f strained band gap Eg and 
spin-orbit splitting Aso deduced from figure 4.9. This figure also shows the Bi fraction
-9.4 ± 0.2% for which 
9.6%.
HH+ Aso which is in agreement with the theoretical value of
4.6: Strain and deformation potential calculation from 
experimental results
As described earlier, the two features in the figure (4.3) labelled and
are due to the com pressive strain in the layers due to the lattice m ism atch toLH+
GaAs. These two transitions are due to the strain induced valence band splitting in 
this alloy. Figure (4.12), shows that the VBS changes alm ost linearly w ith Bi 
content 15 ± 2m eV/%  o f  Bi which is very close to 15.1meV/% reported by
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Francoeur e t al[20].ThQ  error bars in the figure 4.12 are eom bined uneertainties in 
VBS from the assoeiated errors in the fitted transition energies taken from the least 
squares program  correlation matrix.
150
1 5 ± (2 )m e V /% B I
O)
100Q.
2 4 6 8 120 10
Bi %
Figure 4. 12: VBS = Æ /""- £ deduced from the experimental values of figure 4.10 
figure as a function of bismuth concentration in compressively strained GaAsBi layers. 
The open circles are the corresponding results of Francoeur et a I [20].
The data for the strained layers have been used to calculate the shear deform ation 
potential b, band gap (Eg) and spin-orbit splitting energy (/Iso) by decoupling the 
effects o f  strain. The in- plane and out- of- plane strain were calculated by using the 
equations (4.1 & 4 .2 ) . The in-plane biaxial strain along xy  plane and out- of- plane 
strain along the growth like z-direction, s^z can be calculated as follows
In plane strain, £XX Syy -
(O-GaAs-O-GaBiAs)
0-GaBiAs
(4.1)
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W here aQaBiAs> the lattice constant o f  GaBi As, has been calculated theoretically by 
using the V egard’s law, aaaBi^^Asi-x =  (1 “  ^ )aca^s  +  ^ “ caei, W here UaaBi = 
6.324Â (th eo re tic a l va lue) [21] and =  5 .65325Â  [41].
The out o f  plane strain, Ezz — “ (4.2)
W here and c^ 2  are the elastic constants o f  GaBi^Asi.^. As the elastic constant 
for GaBixAsi.x and GaBi are not yet known, values for GaAs =  12.21 and 
Ci2  =  5 .6 6  (units o f  10^  ^ dyn/cm^) were used [41]. Since only the ratio I c iJ c u  is 
required, which is approxim ately unity for all III-V  semiconductors, the use o f  
GaAs values is justifiable for all the bism uth concentrations studied here. 
Consequently, in-plane and out -of- plane strain components calculated for the 
GaBixAsi.xepilayers are opposite to each other as shown in figure 4.13.
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Figure 4. 13: In-plane and out-of-plane strain vs. bismuth concentration in GaBixAsi-x 
layers.
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The strain induced and LH^ VB splitting shown in figure 4.11 can be used to 
calculate the shear deform ation potential for this material. The conventional 
perturbation treatm ent o f  the effects o f  strain (as discussed earlier in Chapter 2) on 
the band structure can be applied to the E+  band o f  this com plex material. The 
same treatm ent (equations given below) has previously been applied to the (band 
anti-crossing) GaAsN system  [42].
=  {Eg + SE„) +  SE,  (4.3)
Eg"*  =  {Eg + 5E„) +  i  (Aso -  SEs) -  Q (4.4)
F f  =  {Eg + SE„) + i  (Aso -  SEs) + Q (4.5)
W here Eg is the unstrained fundam ental band gap energy (betw een the CB and 
degenerate HH^/LH^ edges) and Aso  is the spin-orbit splitting energy (between the 
SO and degenerate HH^/LH^ edges). The other quantities are defined as:
SEs = b ( £ z z - 8 x x )  and 
SEfj clÇZe^z: T  £zz)
Here b is the shear deform ation potential and a =  , the hydrostatic
deform ation potential, and are the CB and VB hydrostatic deform ation 
potentials, respectively. For this analysis, the values o f  Qc = -7.17eV  and üy> 
= -1.16eV fi*om GaAs [41]. These values are not very different from  those o f  GaSb 
(which is expected to be m ore sim ilar to GaBi than GaAs); the sum {Gc+ a^) that is 
used in the calculations is alm ost the same for GaAs (— 8.33eV) and GaSb (—  
8.3 OeV) [41]. I f  VBS is defined as A lh = E g ^ ^ -E ^ ^ '^ , then from  Equs. (4.3) and 
(4.4) leads to:
^iH =  \ ^ s o  “  f  ^^5 - Q  (4.6)
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If, as suggested by Zhang et al[42], it is assum ed that A5 0 »  \b{Szz ~  ^xx) \ tbe 
expression for Q, then using Equ. (4.6) one can derive the following approxim ate 
expression for the shear deform ation potential:
(4.7)
2( Ezz~ Exx )
However, this approxim ation is not necessary here in this study as an additional 
inform ation is available from PR  m easurem ents o f  needed in Equ. (4.6). From  
Equ. (4.6) w e obtain:
Alo  +  2 AsoSEs +  9 S E i =  [( "  2A^^) “
From  w hich it is obtained:
ÔE, =  , . (4.8)
2+
From  the definition o f  
SE , = b(e^2 -  Exx) 
Then it leads to:
{Ezz~Exx^
2+
N ote that equ. (4.9) reduces to equ. (4.7) i f  Aso »  Alh • In order to use equ. (4.9) to 
obtain b the values for the spin orbit splitting (Aso) are required. The theory o f  Equ. 
(4.3)-(4.5) allows to deduce Aso &om the experim ental m easurem ents, by the 
following method. Subtracting equ. (4.4) and (4.5), a quantity A so/lh =  Eg^^^-Eg^^^ 
= 2Q  is obtained. Squaring this and re-arranging, a quadratic in Aso is obtained 
w ith the solutions:
Aso= - S E s  ±  J(b^lo/LH -  SSE s^)  (4.10)
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This, together w ith equ. (4.8), may be solved for Aso by the following iteration 
scheme:
1. M ake an initial guess for Aso from using the bigger one o f  E g ^ -E g ^ "  and
2. Use this estim ate o f  Aso and experim ental values o f  A ih  to estim ate hEs 
from equ. (4.8).
3. Use this bEs and experim entally-m easured A so/lh to obtain the next estimate 
o f  Aso from equ. (4.10).
4. Repeat steps 2 and 3 until convergence occurs for the Aso value.
Substituting the resulting deduced Aso and the values for A ih , ^zz and  for 
GaBixAsi.x into equ. (4.9) then gives the shear deform ation potential for the 
different concentrations o f  bism uth as shown in figure 4.14.
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Figure 4. 14: Shear deformation potential of strained GaBixAsi-x by GaAs substrate vs. 
bismuth concentration.
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The error bars in figure 4.13 com e from considering m ainly the errors in the VBS 
in equ. (4.6), as shown in figure 4.13. Thus, the calculated error bar for b is largest 
in the 2.3%  sample, due to the close proxim ity o f  the and LH^ features in the 
PR  spectra, and the consequently proportionally higher fitting errors in the VBS. 
Figure 4.13, shows that the deform ation potential for com pressively strained 
GaBiAs layers is com position dependent, as has been found for the dilute-N  
GaAsN alloys [42]. D ue to the large difference in the size o f  the bism uth atom, as 
com pared to the arsenic atom  it replaces, a shear strain field is induced in its 
vicinity, w hich is responsible for the perturbations in the VBS and deform ation 
potential [43]. In the case o f  N  in GaAs, Zhang et al[42], argued that as the 
nitrogen content increases, the local strain fields interact and lead to an overall 
additional strain w hich in turn leads to an increase in the VBS. The G aAsN b has 
an even m ore com plex com position dependence on N  content than in our case o f  
GaAsBi, w hich appears approxim ately linearly dependent on bism uth content up to 
10.4% (see fig 4.13). The reason for this dependence is not understood for this new  
alloy at present.
Once Aso and b have been deduced by the above methods, then equ. (4.3) was used 
to deduce the unstrained band gap energy for fi-eestanding GaAsBi, Eg = E g ^ ^  — 
(SEjj  +  SEs), from m easurem ent o f  the know n values o f  a and b, and the
calculated strains Sw and 6%^.
4.7 Cross-over of band gap and spin orbit spitting for free  
standing GaAsBi epilayers
The resulting deduced spin-orbit splitting energy and unstrained band gap energy 
(represented by filled diam ond and circles) are shown in figure 4.15 and com pared 
w ith the theoretical results o f  transition energies (represented by dashed curves) 
calculated by Usman et a l [39], by using the TB theory for fi'ee standing GaAsBi 
epilayers in the figure 4.15. This figure shows good agreem ent but w ith greater
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uncertainties in transition energy values due to the broad and com plex spectra at 
high bism uth content.
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Figure 4 . 1 5 :  Band gap and spin-orbit splitting energy for the fr e e  stan din g  GaAsBi as 
deduced from our experimental measurements as a function of bismuth concentration 
with cross-over at Bi% -  10.5 ± 0.2. Red filled triangles and blue filled circles are the 
experimental values for Eg and Aso respectively, while red and blue dashed curve 
represents the theoretical values for the Eg Aso respectively by Usman e t a l [3 9 ]
4.8: Band alignment in GaAsBi
It is also o f  interest to deduce where the E g ^  (= Eg + Aso) would lie in the 
free standing equivalent o f  our samples. The data required for this calculation are in 
figure 4.15 and the results are shown in figure 4.16, together w ith the direct 
m easurem ents o f  E g ^  o f  these strained samples. This deduced behavior o f  E f ^  in 
the unstrained m aterial shows a considerable red-shift in the CB-SO transition 
energy w ith bism uth content. In these samples, com pressive strain acts to push the 
SO band down in energy, while pushing the CB up. This contributes a blue-shift to
138
Chapter4: Electronic Band Structure of GaBlxAsi.x
E g ^  w hich increases w ith bism uth fraction, and is opposite to the red-shift for the 
unstrained E f ^  as shown in figure 4.17, w here the dashed line represents the free  
standing  band edges w hile the solid lines represent the strained edges. As is evident 
from figure 4.16, this strain-induced blue-shift eventually overcom es the red-shift 
in the unstrained E f ^ ,  at the highest bism uth fraction in these samples. It has been 
predicted that the inclusion o f  bism uth has only a relatively w eak red-shift effect on 
the energy o f  the unstrained SO band edge [39]. Therefore, the observation in 
figure 4.16 o f  a significant decrease in the unstrained E f ^  (~22m eV/% Bi) indicates 
that the CB edge m ust also be m oving down in energy w ith increasing B i content. 
Thus, a type-I conduction band alignm ent is expected for GaAsBi on GaAs. These 
conclusions are consistent w ith theoretical tight binding studies on the band 
structure o f  bulk GaBiAs w hich predict that the CB edge decreases in energy about 
five tim es faster than the SO edge w ith bism uth concentration, giving a net red- 
shift in the CB-SO transition energy o f  -  28m eV/% Bi [39]. The type-I band 
alignm ent o f  G aAsBi/GaAs interface has also been confirm ed in pressure 
dependent studies on GaAsBi/GaAs LED by H ossain et a l [44].
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Figure 4. 16: The eomparison of experimentally measured spin orbit split- off transition in 
compressively strained GaAsBi epilayer with the deduced same transition for the free  
standing material.
140
Chapter4: Electronic Band Structure of GaBixASj.x
GaAsBi
(compressive)
C B
GaAs
(substrate)
C B
g.GaAs
cuo
LU
HH
LH
U)
H H /LH
"O
S O
S O
Figure 4. 17: schematic representation of restructuring of band edges with the effect of Bi 
and strain effects. The dashed lines represent the free standing band edges while solid 
lines represent the strained ones.
After this verification, that the conduction band also moves down w ith the 
incorporation o f  Bi due to the conventional alloying effect, the band gap reduction 
has been fitted by a m odified VBAC (explained in A ppendix 9.1) by taking into 
account this effect w hich has been quantified as ~ 22m eV/Bi%  from figure 4.16. 
Figure 4.18, shows the energy transition values for the free standing GaAsBi 
epilayers w ith the VBAC fit. The red dashed line in figure 4.18 shows the band gap 
reduction only taking into account the upward shift o f  VB (which is the VBAC 
effect) w hile the red solid line includes the downward shift o f  the CB by 
22m eV/Bi%  (which is alloying effect). This m odified VBAC fit, including the 
downward m ovem ent o f  CB gives the coupling param eter C^, ~ 1.55eV and fit is 
in good agreem ent w ith the transition energy values.
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Figure 4. 18: VBAC fît of the transition energy values vs Bi% with the Eei- 0.183eV and 
CBi~l .55eV.
Figure 4.18, also compares results o f  this w ork for and Eg with the values 
o f other authors [19] [20] [7][25][16] [45] for which the GaBiAs m aterials are 
reported, or assum ed by those authors, to be for relaxed unstrained GaBiAs (except 
those o f  Francoeur et al. There is a satisfactory agreem ent w ith m any o f  the other 
results and this work extend the previous w ork to 10.4% bism uth concentration and 
provide a clear indication o f  the expected cross-over com position for free  standing  
GaBiAs. It is estim ated from a small extrapolation o f the curves in figure 4.18 that 
the energy cross-over Aso ~ Eg would occur at bism uth concentrations o f  10.5 ± 0.2 
% for such free  standing  GaAsBi.
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4.8: Temperature dependence of the GaAsBi compressively 
strained layer
The tem perature dependent PR  was also perform ed on the sam ples listed in 
table 4.1 from 50K-296K. The tem perature dependent PR  speetra for the higher Bi 
eontent are shown in figure 4.19 (a) and 4.19 (b).
GaAsBi with 8.5% Bi GaAsBi with 10.4%Bi
Ô
LH+
2.5296K3 .0
250K2 .5 2.0
2.0 200K
1 .5
150K
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0.5
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0.0
-0.5
-0 .5
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Energy(eV)
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Energy(eV)
Figure 4. 19: (a) The temperature dependent PR spectra of 8.5% Bi containing GaAsBi 
epilayer (b) The temperature dependent PR spectra of 10.4% Bi containing GaAsBi 
epilayer
The energy transition values have been determ ined by TDFF fits and the values o f  
these energies for and for 2.3%, 8.5% and 10.4% bism uth containing 
samples is shown in figure 4.20 together w ith their Varshni fits. The V arshni 
param eters are shown in Table 4.4.
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Figure 4. 20: The temperature dependent transition energy values obtained by TDFF from 
the PR spectra of the GaAsBi layer. The red open squares are the and Eg™^
energy values. The black solid curves are the Varshni fits for these energies. The blue 
open triangles are for the 8.5% and pink open circles are for the 10.4% bismuth containing 
samples and the left hand energy scale applies. The red squares are for the 2.3% sample 
with the energy scale on the right.
The Varshni fit for the LH features o f  higher Bi containing samples (8.5%  & 
10.4%) is not in line w ith the experim ental data because o f  the broad PR  features as 
discussed earlier. The transition energy values for LH transition are lower than the 
trend, indicating the influence o f  inhomogeneity. At low T, the carriers get trapped 
at bism uth rich regions leading to lower transition energy values evident here in 
the LH feature energy trend at low T for the 10.4 % Bi and at higher tem perature 
can obtain enough therm al energy to escape out o f  the traps.
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The values o f  the tem perature coefficient a  determ ined in this study are smaller 
than that o f  GaAs ~ 0.52m eV/K however, not as small as seen by K. Oe et al[15] 
for far lower B i fractions. They m easured the tem perature sensitivity o f  GaAsBi 
d E ^ d T -  0.15m eV/K (tem perature gradient by linear fit betw een 150K-300K) w ith 
2.6%  bism uth by PR  w hich is quite low  in com parison to d E ^ d T  ~  0.42meV/K. 
This discrepancy m ay be due to the m aterial being m ore inhom ogeneous it needs 
further investigation w ith better quality samples.
Table 4.4: V arshni param eters for the compressively strained GaAsBi epilayers
GaAsBix E n erg y a  (m eV /K ) B (K ) Eo(eV )
2.3% 0.43 ± 0.03 2 60± 35 1.319 ±0.003
0.42 ± 0.03 225± 30 1.331 ±0.001
[ 8.5% 0.46 ± 0.03 2 1 0 ± 1 0 0.956 ±0.003
0.46 ± 0.03 2 1 0 ± 1 0 1.068 ± 0 . 0 0 2
: 10.4% 0.45 ± 0.03 280 ± 2 0 0.893 ± 0.001
0.39 ± 0.01 270 ± 5 1.0298 ± 0.0002
4.9: GaAsBi quantum wells
W hen it comes to designing the active layer o f  III-V  photonic devices, i.e., 
LEDs, lasers and optical amplifiers, low  dim ensional structures are preferred in 
com parison to bulk structures. The low  dim ensional structure offers the advantage 
o f  size quantisation, which helps to increase the carrier confinem ent and allows 
tailoring o f  the transition energies as w ell as exploiting strain. Here, considering the 
QW s form ed by sandwiching a thin layer o f  m aterial (com parable to the de-Broglie 
w avelength o f  the electron) w ith a low er band gap betw een a m aterial having a 
higher band gap called the barrier, e.g. GaAs is sandwiched betw een A lG aAs 
barriers as shown in figure 4.21(a). The energy states o f  electrons becom e 
quantized in the growth direction. The result o f  this quantisation is that the energy 
states form  sub-bands within the conduction and valence bands. The values o f
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transition energies and spaeing betw een them  depend upon the thiekness o f the 
QWs as shown in figure 4.21 (b).
g(bulk)
hhl
VB
GaAs AlGaAsAlGaAs
I I I I
0 2,0 4,0 6,0 8,0 10,0
Width (Ij [lun]
Figure 4. 21: Schematic representation of a QW(left figure) and also the dependence of 
energy levels on the thickness of QWs, which shows that the discrete energy levels 
converge as the thickness increases (right figure) [46].
The QW  structure gives the freedom to design the emission w avelength to a 
specific transition between the subbands in the quantum well by controlling the 
width o f  the well. O ther benefits include:
1) The band structure may be m odified by the introduction o f  strain. In III-V  
QW  lasers, this has been proven to be o f  significant benefits [47]. QW s 
being thin can be strained without the generation o f  crystal dislocations. I f  
the band structure is designed by taking into account strain, it helps to 
reduce the density o f  states, i.e. com pressive strain, which reduce the non- 
radiative losses in devices and increases their emission efficiency.
2) QWs help to confine the charge carriers better than bulk structures and 
reduce the carrier leakage losses in devices.
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3) The carrier density required for population inversion is small, therefore the 
threshold current density for QW  lasers is generally low.
4.9.1: RT PR studies of GaAsBi quantum wells
The GaAsBi quantum  wells studied here consist o f  a BOOnm GaAs buffer 
layer, 12nm (nom inally) GaAsBi Q W  and 20nm  thick GaAs cap grow n by M BE 
w ith the sam e growth procedure described in section 4.3 o f  this chapter. The 
sample details w ith its growth tem perature, Bi content values determ ined by XRD 
and thickness o f  Q W  and o f  barrier are shown in Table 4.5.
Table4.5: The details of the GaAsBi quantum wells studied in this thesis 
(These samples were grown at the University of Victoria, Canada)
Sam ple B i% (X R D ) dqw (nm ) 
(nom inal)
dqw (nm ) 
(XRD)
dcap
(nm ) X RD
G ro w th  T em p  ("C)
R-2045 4.20 1 2 15.6 T 19 300
R -20I5 4.96 1 2 13.5 30.3 310
R-2049 5.50 1 2 1 2 . 2 34 320
R-2047 6 . 2 0 1 2 1 1 29.2 300
R-2012 !k0 2 1 2 10.7 2 7 ^ 245
The P R  technique has been em ployed for the GaAsBi quantum  w ells in the 
same w ay as already described in Chapter 3. RT PR  spectra o f  the samples listed in 
table 4.5 w ith their TDFF fits are shown in figure 4.22.
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Figure 4. 22: RT PR spectra of GaAsBi QWs with Bi ~ 4.20% - 8.02 % fraction. The PR 
data are represented by symbols and TDFF fits are represented by solid lines. The vertical 
dashed black lines are guides to the eye for the transition energy values determined by 
TDFF fits.
RT transition energy values for the eihhi and e^lh^ transitions, vs Bi fraction 
are shown in figure 4.23 (a). The decrease in transition energy values Cihhi vs Bi 
fraction is shown in figure 4.23 (b) in com parison w ith the Eg m easured for strained 
bulk GaAsBi, shown by the red curve, w hich is a VBAC fit to the experim ental 
data (red triangles). The difference between the bulk and QW  transition energy 
values is obvious from the difference between the red and blue curves in figure 
4.23 (b) and is norm ally considered due to the quantum confinem ent, which results 
in an increasing blue shift in the QW  transition energy w ith increasing Bi fraction. 
The blue shift is larger for higher Bi (> 6 %) fractions. This is also due to the lower 
thickness o f  QW s w hich decreases from 15.6 nm-10.7 nm as the Bi fraction 
increases from 4.2%  - 8.2%. The decrease in the transition energy Cihhi is
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~22m eV/Bi in com parison to ~55m eV/%  Bi for a strained bulk layer in the same Bi 
com position range.
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Figure 4.23 (a). The transition energies elhhl and ellh l vs Bi fraction and (b) comparison 
of fundamental transition energy for the GaAsBi bulk red curve and QWs blue squares.
W hen considering figure 4.23 (b) there is a divergence o f  the QW  transition 
energy values w ith respect to the bulk case towards higher Bi fractions. This could 
be due to a difference in actual vs. nom inal Bi fraction, an uncertainty in the QW  
width, or due to com positional inhom ogeneity in the QW  layers. To probe the 
influence o f  Bi com position the experim ental transition energies are com pared w ith 
the theoretically calculated values o f  e^hhi by S J in  et al. They calculated the 
energy leves and corresponding wavefunctions for the QW s by using the N extnano  
which is basically a Schrodinger equation solver [48]. For this com parison, it has 
been assumed that the thickness o f  all QW s is as nom inal (12nm). The estim ated 
values o f  Bi fraction are different from the XRD determ ined values specifically for 
higher Bi containing QW s. This comparison o f  Cihhi is shown in figure 4.24 and 
estim ated values o f  Bi fraction for each sam ple are shown in Table 4.6.
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Figure 4.24: The eomparison of the experimentally measured eihhi transition energy 
values (represented by open circles) for the set of samples in table 4.5 with the 
theoretically calculated (by S.Jin e t a l [48]) values ( represented by solid lines) assuming 
the square quantum well.
Table4.6: The estimated values of Bi content from the experimental and theoretical 
comparison of Cihhi for the GaAsBi QWs
Sample Bi% (XRD) Estimated Bi%
R-2045 4.20 4.9
R-2015 4.96 5.2
R-2049 5.50 5.8
R-2047 6.20 6
R-2012 8.02 6.6
The divergence o f  transition energy values from the trend for higher Bi 
fractions (shown in figure 4.23) may also be due to inhom ogeneity in the bism uth 
distribution throughout the layer (som ething w hich would not be clear from XRD,
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w hich w ould provide an average com position), as discussed for the bulk GaAsBi in 
this chapter and/or due to w ell thickness fluctuations as determ ined by 
transm ission electron m icroscopy (TEM ) m easurem ents by A. R. M uham m ad  [49]. 
TEM  m easurem ents on the 20nm  GaAsBi layer capped w ith 50nm GaAs indicated 
the presence o f  a Bi concentration gradient at both GaAsBi/GaAs interfaces. The 
thickness obtained by TEM  was less than the nom inal thickness.
From  the GaAsBi bulk layers, it has already been determ ined in this study 
that it is challenging to develop uniform  and high quality layers particularly at high 
bism uth fractions. It has been established for the higher B i fractions such as 8.5% 
and 10.4% bism uth containing bulk samples that the inhom ogeneous distribution o f  
Bi throughout the layer has a significant effect on the energy transition values. As 
discussed already for the bulk, the bism uth pairs and clusters form ed at higher 
bism uth fractions create a perturbation in the VB states, and this also causes a 
change in the confined states in the QW s [50]. It is expected that the PR  response is 
the overall response (one broad feature) from the inhom ogeneous bism uth profile 
instead o f  sharp PR  features from each definite bism uth com position. This gives 
rise to the broad spectra, as shown in figure 4.22 and also evident from the H W H M  
(y broadening param eter from the TDFF fits o f  PR  spectra) values for eihhi and 
eilhi in the Table 4.7. This broadening o f  the features also creates a challenge in 
determ ining the transition energy values.
Table4.6: The broadening parameter for the eihhi and eilhi transitions
Bismuth composition 
(%)
y(eihhi)
(meV)
r(eilhi)
(meV)
4.2 23 29
4.96 28 22
: 5.5 30 "33....
6.2 33 30
r8.02 39 40
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4.9.2: Comparison of experimental values of transition energies with the 
theory for different Bi distribution profile
In order to probe the possible contribution o f  inhom ogeneous Bi in the 
growth direction o f  QW s, the experim ental results w ere com pared w ith 
theoretically calculated values by S. Jin  e t a l [48]. They calculated the transition 
energy values for different Bi distribution profiles, including rectangular, V  shaped 
and sawtooth {V) profile and found that non-uniform ity o f  the bism uth distribution 
profile has a significant influence on the transition energies. The com parison o f  
experim ent and calculated values is shown in figure 4.25 for different Bi 
distribution profiles. This shows that for low  Bi fractions the theoretical results 
considering the rectangular well case (red lines) are close to the experim ental data 
(squares and triangles) while there is less agreem ent betw een theory and 
experim ent for higher Bi content samples. H owever, experim entally determ ined 
transition energies for the 8 % Bi containing QW  lie betw een the extrem e cases o f  
complete square w ell and sawtooth profile (blue lines). Further investigations i.e. 
high resolution, chem ically sensitive TEM  is needed to investigate the bism uth 
profile through the layer and also the thickness o f  the QW . This w ould provide a 
m ore realistic QW  profile to im prove the model.
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Figure 4.25: Schematic representation of Square and Sawtooth QW shapes and 
comparison of theoretical and experimental transition energy results for the GaAsBi 
quantum wells. Black triangles (cilhi), squares (cihhi) and circles (cihhi) are the 
experimental PR and PL data points. Red solid & dashed lines are calculated transition 
energy values for cihhi and Cilhi respectively by considering square profile of QWs. 
Similarly, blue solid & dashed lines are calculated transition energy values for cihhi and 
cilhi respectively by considering sawtooth profile of QWs [48].
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4.10 Summary
In conclusion, PL and PR  m easurem ents have been perform ed on 
GaBixAsi.x layers having Bi content up to 10.4% in order to understand the effect 
o f  bism uth on the band structure o f  GaAs. RT PL and PR  results for the value o f  Eg 
for all four sam ples w ere in good agreem ent and revealed that the band gap reduced 
down to 0.8 eV (1.55pm ) for a Bi content o f  10%. PL m easurem ents showed that 
the PL intensity decreases above 4.5%  Bi inclusion w hich was attributed to an 
increase in structural defects and non radiative recom binations in high Bi 
containing samples. The variation in Eg and A so w ith increasing Bi fraction has 
been m easured and the cross-over has been observed betw een the Eg and Asa  to 
be around 9.4 ±  0.2% bism uth concentration for strained layers. These results are in 
good agreem ent w ith the theory calculated by Usman et a l [39]. The experim ental 
and theoretical studies have been used to discuss the disorder effects in these alloys 
by exploring the broad PR  spectra for the LH feature. These studies revealed that 
the LH state gets perturbed by the Bi pair and cluster states w ith an increase in the 
Bi content. In these lattice m ism atched GaBixAsi.x layers to GaAs substrate, the 
valence band splitting was observed to increase at the rate o f  15 L 2m eV /%  o f  Bi 
in agreem ent w ith the values m easured by Franceour et a l for low er Bi fractions. 
The shear deform ation potential o f  these com pressively strained layers was 
calculated and found to be increasing in m agnitude w ith the bism uth content at a 
rate o f  163 ±  15meV/%Bi. Finally, the effects o f  strain have been decoupled from  
experim ental results and the band gap and spin orbit splitting energy for the free 
standing GaAsBi has been estimated. This also revealed that the CB also m oves 
down w ith the incorporation o f  Bi due to a conventional alloying effect. This study 
suggests that the band alignm ent for GaAsBi grown on GaAs w ill be type -I, in line 
w ith theoretical predictions. GaAsBi/GaAs quantum  w ell structures w ere also 
investigated by PR  and a discrepancy w as found betw een the experim ental and 
theoretical values o f  the transition energies (eihhi and e2hh 2) particularly for high 
Bi fractions. It is shown that may be due to the inhom ogeneity in Bi fraction
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throughout the layer or the variation in thickness. Further structural characterisation 
via chem ically sensitive H RTEM  is required.
155
Chapter4: Electronic Band Structure of GaBixAsi.x
References
[1] A. F. Phillips, S. J. Sweeney, A. R. Adams, P. J. A. Thijs , IEEE Jour. Sel.
Top. Quant. Elect. 5, 401 (1999).
[2] X. Yang, J. B. Heroux, M. J. Jurkanovic, and W. I. Wang, J. vac. Sci. 
Technol. B. 17(3), 1144-1146 (1999).
[3] J. J. S. Harris, Semiconductor Science and Technology. 17, 880-891 (2002).
[4] M. Ishida, M. Matsuda, Y. Tanaka, K. Takada, M. Ekawa, T. Yamamoto, T. 
Kageyama, M. Yamaguchi, K. Nishi, M. Sugawara, Y. Arakawa, CLEO 
Technical Digest OSA, CM1I.2 (2012).
[5] M. T. Crowley, I. P. Marko, N. F. Masse, A. D. Andreev, S. Tomic, S. J. 
Sweeney, E. P. O'Reilly, A. R. Adams, IEEE Journal of Selected Topics in 
Quantum Electronics. 15,799-807(2009).
[6 ] S. J. Sweeney, Patent WO 2010/149978 (2010); also S. J. Sweeney, SPIE 
Photonics West 2010, paper [7616-11] (2010)
[7] B. Fluegel, S. Francoeur and A. Mascarenhas, S. Tixier, E. C. Young, and T. 
Tiedje, Phys. Rev. Lett. 97, 067205 (2006).
[8 ] Pacebutas V, Biciunas A, Balakauskas S, Krotkus A, Andriukaitis G, Lorenc 
D, Pugzlys A, Baltuska A. Appl Phys Lett. 97,031111 (2010).
[9] http ://www.teravil .It/fiber.php
[10] S. J. Sweeney and S. R. Jin, J. Appl. Phys. 113,043110 (2013)
[11] A. M. Jean-Louis, C. Hamon, Phys. Status. Sol. 34,329-340 (1969), also B. 
JouKoff and A. M. Jean- Louis, Journal of crystal Growth, vol 12, 169-172 
(1972)
[12] A. J. Noreika, W. J. Takai, M. H. Francombe, and C.E.C. Wood, J. Appl. 
Phys. 53, 4932 (1982).
[13] J. J. Lee, J.D. Kim, and M. Razeghi, Appl. Phys. Lett.70, 3266-3268 (1997).
[14] Oe K, Asai H. Proposal on a temperature-insensitive wavelength 
semiconductor laser. lEICE Trans Electron E79 -C:175. (1996)
[15] K. Oe, H. Okamoto, Jpn. J. Appl. Phys. 37, 1283-1285 (1998).
[16] J. Yoshida, T. Kita, O. Wadaand K. Oe, Jpn. J. Appl. Phys. 42. 371- 
374(2003).
156
Chapter4: Electronic Band Structure of GaBjxA^
[17] A. Mascarenhas, Y. Zhang, J. Verely, and M. J. Seong, Superlattices and
Microstrcutures. 29, 395-404 (2001).
[18] S. Tixier, M. Adamcyk, E.C. Young, J. H. Schimdt and T. Tiedje. J. Cryst.
Growth. 251, 449-454 (2003).
[19] S. Tixier, M. Adamcyk, T. Tiedje, S. Franceour, A. Mascarenhas, P. Wei and
F. Schiettekatte, Appl. Phys. Lett. 82, 2245 (2003).
[20] S. Francoeur, M. J. Seong, A. Mascarenhas, S. Tixier, M. Adamcyk, and T.
Tiedje, Appl. Phys. Lett. 82, 3874 (2003)
[21] A. Janotti, S.H. Wei, and S.B. Zhang, Physical Review B. 65, 1152031- 
1152035 (2002).
[22] S. Tixier, S. E. Webster, E. Young, T. Tiedje, S. Francoeur, A. Mascarenhas, 
P. Wei and F. Schiettekate, Appl. Phys. Lett. 8 6 , 112113 (2005).
[23] Masahiro Yoshimoto, Wei Huang, Gen Feng and K. Oe, Phys. Stat. sol.(b). 7. 
1421-1425 (2006).
[24] Y. Zhang, A. Mascsrebhas and L. -W . Wang, Phys. Rev. B. 155201(2005)
[25] K. Alberi and O. D. Dubon, W. Walukiewicz and K. M. Yu ,K. Bertulis, and
A. Krotkus , Appl. Phys. Lett. 91,051909 (2007).
[26] G. Pettinari, A. Polimeni, M. Capizzi, J. H. Blokland, P. C. Maan, E. C. 
Young and T. Tiedje, Appl. Phys. Lett.92, 262105 (2008).
[27] Xianfeng Lu, D. A. Beaton, R. B. Lewis, T. Tiedje, and Yong Zhang, Appl. 
Phys. Lett. 95, 041903 (2009).
[28] E. C. Young, S. Tixier, T. Tiedje. J Cryst Growth 279, 316 (2005)
[29] M. Yoshimoto, S. Murata, A. Chayahara, Y. Horino, J. Saraie, and K. Oe,
Jpn. J. Appl. Phy.42, L1235-37 (2003).
[30] Lu Xianfeng, Beaton DA, Lewis RB, Tiedje T, Whitwick MB. Appl Phys Lett 
92:192110.(2008)
[31] Fuyuki T, Tominaga Y, Oe K, Yoshimoto M. Jpn J Appl Phys 49:070211. 
(2010)
[32] P. Ludewig, N. Knaub, N. Hossain, S. Reinhard, L. Nattermann, I. P. Marko, 
S. R. Jin, K. Hild, S. Chatterjee, W. Stolz, S. J. Sweeney, K. Volz, Appl. Phys. 
Lett. 102, 242115(2013).
157
Chapter4: Electronic Band Structure of GaBlxAsq.x
[33] I. Marko, P, Ludewig, Z, Bushell, S. Jin, K. Hild, Z. Batool, P. Reinard, W. 
Stolz, K. Volz, L. Nattermann, S. Sweeney, J. Phys D.47, 345103 (2014).
[34] R. B. Lewis, M. Masnadi-Shirazi, and T. Tiedje, Applied Physics Letters. 101, 
082112-4(2012).
[35] R. B. Lewis, D.A. Beaton, X. Lu, and T. Tiedje, Journal o f Crystal Growth. 
311, 1872-1875 (2009).
[36] C. J. Hunter, F. Bastiman, A. R. Mohmad, R. Richards, R. Beanland, and J. P. 
R. David, in preparation for Journal of Crystal Growth, (2014).
[37] Yoriko Tominaga, Kunishige Oe, and Masahiro Yoshimoto Applied Physics 
Express 3, 062201 (2010)
[38] A. R. Mohmad, F. Bastiman, C.J. Hunter, S. J. Sweeney and J. P. R. David, 
Appl. Phys. Lett. 99, 042107 (2011).
[39] M. Usman, Christopher A Broderick, Andrew Lindsay and Eoin P. O’Reilly, 
Phys Rev B. 84, 245202 (2011).
[40] M. Usman, C. A. Broderick, Z. Batool, K. Hild, T. J. C. Hosea, S. J. Sweeney, 
E. P. O’Reilly, Phys Rev B. 87, 115104 (2013).
[41] I. Vurgaftman and J. R. Meyer, L. R. Ram-Mohan, J. Appl. Phys. 89, 5825 
(2001).
[42] Y. Zhang, A. Mascarenhas, H. P. Xin, and C. W. Tu, Phys. Rev. B 61,
4433 (2000).
[43] T. N. Morgan, in Proceedings of the 10th International Conference on the 
Physics of Semiconductors, August 17-21, 266(1970).
[44] N. Hossain, I. P. Marko, S. R. Jin, K. Hild, S. J. Sweeney, R. B. Lewis, D. A. 
Beaton, T. Tiedje, Appl. Phys. Lett. 100, 051105 (2012).
[45] W. Huang, K. Oe, G. Feng, and M. Yoshimoto, J. Appl. Phys. 98, 053505
(2005).
[46] http://www.tf.uni- accessed on July ( 2014).
[47] A. R. A dam s, Electron letter. 22, 249-250 (1986).
[48] S. R. Jin, K. Hild, I. P. Marko, Z. Batool, and S. J. Sweeney, Band properties
of GaAsBi/GaAs quantum wells with different bismuth distribution profiles’ 
presented at 5* international workshop on Bismuth containing semiconductors 
(2014).
158
Chapter4: Electronic Band Structure of GaBixAsi.x
[49] A. R. Muhammad, ‘Growth and characterisation of GaAsBi’ Ph.D thesis
,University of Sheffield (2013).
[50] M. Usman and Eoin. P. O’Reilly, Appl. Phys. Lett. 104, 071103 (2014).
159
Chapters: Optical Characterisation of Bismide alloys for mid-IR applications
Optical characterisation of 
Bismide alloys for mid-IR 
applications
5.1: Introduction and Motivation
As discussed earlier in Chapter 1, optoelectronie deviees, em itting and 
detecting electrom agnetic radiation in the m id infra-red range, 2-5 pm  have 
im portant technological applications in m ilitary, m edical imaging, environm ental 
gas sensing, spectroseopy and researeh. Presently these w avelengths are attainable 
by antim onide based devices (or quantum  easeade lasers, over a lim ited range). The 
relative success for Sb based deviees such as InG aA sSb/G aSb lasers in the (short 
w avelength) m id-infrared region (2-3 pm) is due to their reduced threshold current 
densities and high operating tem perature [1]. This in turn is due to the large spin- 
orbit splitting energy in antim onide alloys w hich leads to the condition that A^o is 
larger than the band gap [2]. This helps to reduee the A uger losses involving 
exeitation o f  holes into the spin-orbit split-off band (CHSH) as w ell as to suppress 
other optical losses such as I VBA (intervalence band absorption). This in turn 
improves the lasing perform ance and this effect is also observed in 
GalnAsSbP/InAs m id-IR  LEDs [1].
H owever, their perform ance degrades rapidly for longer wavelengths. This is 
due to the decrease in the valence band offset betw een the QW  aetive regions [4] 
and the barriers and also the increase in the CHCC A uger process as the band gap 
gets sm aller [5]. They also have to be grown on eom paratively high cost InAs and 
GaSb substrates or require com plex and tim e-eonsum ing m anufacturing processes.
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Bism ide based alloys, due to their efficient optieal em ission discussed in detail in 
Chapter 4 for near-IR  applieations also have the potential to eover the m id IR  range 
o f  wavelengths by incorporating Bi into InGaAs. In particular, owing to the fact 
that the spin-orbit splitting, can be m ade larger than the band gap. Eg 
w ith a relatively low  Bi fraetion ~  4%. The incorporation o f  bism uth into InGaAs 
also has the potential to eontrol hole leakage losses as the strueture can be designed 
with large valenee band offsets unlike Sb based devices [4]. In addition, there is the 
possibility to have a w eaker tem perature dependent band gap w ith InG aA sBi due to 
the sem i-m etallie nature o f  InBi and GaBi [7]. M ost importantly, InG aA sBi can be 
grown on the relatively cheap substrate InP.
Ino.5 3 Gao.4 7As is lattice m atched to InP. Since indium  atom s are larger than 
gallium  atoms, InGaAs w ith < 5 3 %  indium  is under tensile strain w hile InGaAs 
with > 5 3 %  indium  is under com pressive strain on InP. B ism uth atom s are larger 
than arsenie atoms, thus, incorporating Bi atoms in Ino.5 3 Gao.4 7As should lead to 
eom pressive strain. Therefore, by variation o f  the In and Bi fractions it is possible 
to aehieve InGaAsBi w ith zero or a small degree o f  (desirable) strain on InP. S. Jin  
and Sweeney [6], have theoretically determ ined that for In fractions o f  -40-60% , 
the strain o f  InGaAsBi w ith Bi o f  up to 6 % on InP is w ithin ±1% . InP substrates 
offer m any advantages over GaSb, such as better therm al eonductivity and lower 
eleetrical resistance. G rowth on the InP m aterial system  also benefits firom well- 
established fabrication techniques as used for teleeom m unieation lasers. This 
makes the InGaAsBi/InP a very attractive m aterial for the m id-IR  range. However, 
this is a very new and still relatively un-explored m aterial, partieularly for 
optoelectronic applications.
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5.2: Early Work
5.2.1: Growth and characterisation of InGaAsBi up to 7% Bi fraction
There has been a lot o f  efforts to study the GaAsBi m aterial system, 
how ever there are very few studies in the literature on the InG aA sBi m aterial 
system. InGaAsBi was first proposed by K. Oe et a l [8 ], in 1995 as the aetive layer 
m aterial o f  a laser diode due to its potential to be less tem perature sensitive. It was 
grown for the first tim e in 2005 by Fang et a l using m oleeular beam  epitaxy (M BE) 
w ith the incorporation o f  2.5%  Bi [9]-[10]. XRD and Rutherford backseattering 
(RBS) gave clear evidenee o f  Bi atoms in the InGaAs zinc- blende lattice. Later on 
in 2007, the sam e group m anaged to incorporate B i o f  up to 6 % by reducing the 
growth tem perature to 240®C [11].
U ntil 2007, the InGaAsBi epilayers w ere only structurally characterised. The 
effect o f  bism uth on the band gap has first studied by optical characterisation o f  the 
InGaAsBi/InP up to ~ 3.6 % Bi by Petropolous et a l [12] in 2011. These layers 
w ere grown by M BE up to a com position o f  3.6%  bism uth and optically 
characterised by absorption m easurem ents. The eom position dependent red-shift in 
the band gap was observed to be -  -56m eV/Bi% . A  very closely related band gap 
reduction — 50m eV/Bi%  has also been observed in electro-reflectanee studies o f  
InGaAsBi epilayers up to -  3.6% Bi [17], w hich is significantly higher as com pared 
to -12m eV / In%  and -21m eV/Sb%  for InGaAs and GaAsSb, respectively [12]. 
Zide et a l [13], incorporated Bi fractions o f  up to 6.7%  in InGaAs by M BE. The 
absorption m easurem ents o f  the layer w ith m axim um  Bi eontent showed the band 
gap ~ 0.45eV. K rotkus et a l [14], also reported the grow th o f  InGaAsBi/InP up to 
7% Bi. They w ere also able to  m easure the PL em ission at low  tem perature ~  90K. 
The developm ent in the grow th o f  InGaAsBi/InP since 2005 is shown in figure 5.1.
162
Chapters: Optical Characterisation of Bismide alloys for mid-IR applications
3
Etf>
8
No optical activity
7 Vilinius Lithunia Q
Delware USA Q
6
‘ V enture Laboratory .Japan
Si doped: InGaAsBi5
4
V enture Laboratory^Japan Delaware USA
3
2 L -
2004 20082006 2010 2012
Years
Figure 5. 1: Development in Bi incorporation in InGaAsBi / InP since 2005. It has been 
grown only by MBE yet. Optieal and eleetrical characterisation to study the effect of 
Bismuth on band gap of material and thermoelectric properties started in 2011 as there 
was no optical activity tried before that as represented by grey area on graph.
Low dim ensional InGaAsBi structures like quantum w ells w ere grown by 
M BE for the first tim e in 2012 and photolum inescenee showed em ission at 1.29pm
[15]. Recently in 2013, tem perature dependent photolum inescenee studies o f  
InGaAsBi/GaAs QW  were reported w ith Bi content ~ 0.6% [16]. There has been 
some effort to look into the electronic and therm oelectric properties o f  dilute 
bismide InGaAsBi epilayers for their use in therm o-electric pow er generation. 
InGaAsBi is also considered as a potential therm oelectric m aterial inheriting the 
high therm oelectric pow er factor from InGaAs and reduced therm al conductivity 
due to the increased scattering o f  electrons and phonons caused by the 
incorporation o f  the large bism uth atoms. Therm oelectric m aterials convert a 
tem perature difference into electrical voltage or vice versa and can be used in 
pow er generation (Seebeck effect) or cooling (Peltier effect). Therm oelectric
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materials are considered to be good i f  they have a high therm al pow er factor (TPF) 
and low  therm al conductivity. The figure o f  merit, ZT, o f  a device is given by ZT=  
S^ (T T/ k , where S is the Seebeck coefficient, o the electrical conductivity and k the 
therm al conductivity. The issue so far has been to achieve high Z T  in bulk 
semiconductors (Z T  <1) due to  the interdependence o f  the different variables, such 
as Seebeck coefficient w hich has an inverse relationship w ith electrical 
conductivity. D ongm o et a l [18], reported m easurem ents o f  n-doped InGaAsBi 
samples. The electronic and therm oelectric properties o f  silicon doped InGaAsBi 
w ith low Bi fi'action up to 2.4%  showed that the conductivity and Seebeck 
coefficient are im proved in silicon doped InGaAsBi up to  2.4%  Bi and also 
particularly relatively im proved m obility up to 1.6% Bi com pared to doped 
InGaAs.
5.2.2: Temperature dependence of band gap of InGaAsBi epilayer
As already discussed in Chapter 2, it is expected that bism uth incorporation 
into GaAs or InGaAs reduces the tem perature dependence o f  band gap due to the 
band anti-crossing interaction w ith the valence band o f  the host crystal. Therefore, 
m easuring the tem perature dependence o f  bism ide alloys rem ained an attractive 
subject in the last decade. J. D evenson et a l [19], reported o f  a w eaker tem perature 
dependence o f  a 7% Bi containing InGaAsBi layer as com pared to the InGaAs 
buffer layer. This was based on absorption m easurem ents o f  the epilayer at RT and 
90K. The epilayer showed the em ission w avelength in the m id-IR  region at liquid 
nitrogen tem perature [19]. H owever, there was not any quantitative com parison 
given at this stage. The electro-m odulated reflectance studies o f  InG aA sBi o f  up to 
~  4.4%  Bi showed that the tem perature dependence w as very close to that o f  
InGaAs based on the Varshni and Bose Einstein param eters [20]. This shows that 
the T-dependence is a quite controversial aspect o f  this material.
In this thesis, the m otivation to explore this m aterial is m ainly due to its 
potential to replace Sb based light em itting and detecting devices as discussed in 
the introduction o f  this chapter. For that, it is essential to explore w hether the
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InGaAsBi/InP m aterial is able to suppress the CHSH A uger losses and inter 
valence band absorption w hich is possible i f  Aso  >  Eg. There are reports on the 
reduction in band gap as discussed in section 5.2.1 and also an increase in spin- 
orbit splitting but not to the condition o f  A^o > Eg. Therefore, this work, m ainly 
focused on the study o f  the effect o f  bism uth incorporation on the band gap and 
spin-orbit splitting in order to determ ine the Bi%  w here Aso  >  Eg. This w ill be 
discussed in this chapter w ith the aid o f  optical characterisation measurem ents. 
Secondly, it was also tried to system atically explore the tem perature dependence o f  
the band gap o f  this m aterial as it is not yet clearly established. The tem perature 
dependent PL and PR  studies o f  the InGaAsBi layers up to -  5% bism uth content 
w ill be presented in this chapter to discuss the tem perature dependence o f  the band
gap.
5.3: Samples details
The samples for this study w ere provided by the Zide  group at the University 
o f  Delaware, USA. Ino.ssGao^yBixAsi.x/InP samples w ith 0 <  B i <5%  and 
thicknesses o f  200-600 nm  w ere grown using m olecular beam  epitaxy on standard 
(lOO)-oriented InP: Fe substrates [12]. A  50-60nm  Ino.5 3 Gao.4 7As buffer layer was 
grown prior to the deposition o f  the Bi-containing layer. The nom inal In fraction 
was kept constant throughout at 53% (as for lattice m atched Ino.5 3 Gao.4 7As layers on 
InP) in the first run o f  samples containing 0, 1.1%, 2.4%  and 3.9%  Bi fraction. In 
the second run o f  samples containing 1.6%, 2.78% , 2.9% , 3% and 5% Bi fraction 
there w ere some variations in the In fraction. Further details are given in table 5.1. 
The epilayers w ere grown by varying the As/Bi beam  equivalent pressure ratio 
only. The growth tem perature was com paratively low at 285-315°C. Further 
growth details are in re f  [12]. The sample structure is represented in figure 5.2
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InGaAsBi
InGaAs
InPiFe
Figure 5.2: Structure of the samples 
Table 5.1: Sample sets A&B details used in this study
Sample # Bi% In% Thickness of
InGaAsBi
epilayer
Growth
temperature
Lattice 
matched/ 
nominally 
lattice matched
Sample Set 
A
110526C 0% 53% 350nm 300C Lattice matched
101115B 1.1% 52% 600nm 315C
101217B 2.4% 52% 330nm 300C
110415B 3.9% 52% 224nm 300C
Sample Set 
B
111024A 1.6% 52% 490nm 300C Lattice matched
110528A 2.78% 50% 260nm 317C Nominally
110528B 2.9% 50% 260nm 300C
lattice matched
110528A 3% 49% 260nm 285C
111052B 5% 52% 490nm 300C Lattice matched
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5.4: Measurement techniques
A  range o f  optical characterisation techniques w ere undertaken on the 
samples. These w ere absorption, PL (with D r Igor M arko) and PR  m easurem ents 
on all the samples. The room  tem perature optical absorption/transm ission 
m easurem ents w ere carried out on pieces o f  as-grown w afer in a Cary 5000 UV- 
visible-near-infrared spectrophotom eter. For the PL m easurem ents the samples 
w ere excited w ith a m echanically-chopped variable pow er Opus diode-pum ped 
solid-state (DPSS) laser w ith a em ission w avelength o f  532nm (sam ple spot 
diam eter ~  1.9mm) and the PL m easured using a 1 m etre Spex grating spectrom eter 
w ith liquid nitrogen cooled InGaAs or InSb broad area detectors and a lock-in 
amplifier. PR  was also used to study the band gap and spin-orbit splitting transition 
energies and their tem perature dependence.
The PR  was m easured using a conventional arrangem ent; the sam ples w ere 
m odulated w ith a 808nm DPSS BW Tech diode laser w ith 9m W  pow er m odulated 
by a square wave, and the PR  was detected w ith a liquid nitrogen cooled InSb 
detector and a lock-in amplifier. For both the PR  and PL m easurem ents the samples 
w ere placed in a closed cycle helium  cryostat to vary the tem perature from  20K  to 
300K.
For the samples w ith 0%, 1.1%, 2.4%  and 3.8%  Bi fi*actions all three 
techniques (PL, PR  and absorption) w ere successful, how ever photo-m odulated 
reflectance was successfully used for all the samples up to  5% bism uth described in 
table 5.1 above. In this chapter, the results w ill be presented in tw o sections. The 
first section 5.5 w ill contain the results o f  samples from the first grow th run w ith Bi 
~  0%, 1.1%, 2.4%  and 3.8%. The second section 5.6 w ill contain the results from 
the second growth run o f  samples w ith Bi ~ 1.6%, 2.78% , 2.9%, 3% and 5%.
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5.5: Optical characterisation of InGaAsBi/InP epilayers with 
0%, 1.1%, 2.4% and 3.9% Bi.
5.5.1: Absorption Measurements
The room  tem perature absorption spectra revealed the band edge o f  the all 
three different Bi containing epilayers. W e m easured the transm ission by taking 
into account the reflectance from  the surface o f  the samples and calculated the 
absorption coefficient as discussed in Chapter 3. The derivative o f  the absorption 
m easurem ents helps to identify the band edges for the InP substrate, InGaAs buffer 
layer and InGaAsBi epilayer shown in figure 5.3. The transition around ~  1.09eV 
corresponds to the (Eg + Aso) transition from the epilayer and the m iddle transition 
~  0.7eV belongs to the band gap o f  the InGaAs buffer layer. The low  energy 
transitions on the left side correspond to the band gap o f  the InGaAsBi epilayers. 
The derivative o f  the absorption gave the first, best estim ate to locate the transition 
energies. However, the accurate band gap transition values o f  the bism ide epilayer 
have been obtained from a conventional linear fit o f  versus photon energy 
(discussed in Chapter 3) as shown in figure 5.4
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Figure 5. 3: The derivative of the absorption coeffieient versus photon energy for different 
Bi compositions.
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Figure 5.4: The squared absorption vs photon energy for band gap determination for all 
four samples, a) Bi~0%, b) Bi~l.l% , c) Bi-2.4% and, d) for Bi~3.9%.
5.5.2: Photoluminescenee measurements
PL was m easured for all the samples as a function o f  tem perature from 
3OK- 296K under different laser powers o f  up to 2W . PL spectra o f  the 
InGaBiAs/InP samples w ith 0%, 1.1% and 2.4%  Bi as a function o f  tem perature 
from 3OK -296K are shown in figure 5.5. Generally, in all these sam ples at
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tem peratures greater than 200- 25OK, the B i-containing samples gave quite w eak 
and noisy PL, necessitating the use o f  laser pow ers above 200m W  and even higher 
in some cases. However, for the 0% Bi reference samples a laser pow er o f  200m W  
(power density at the sample o f  ~7.2W /cm^) yielded reasonable PL signals at all 
tem peratures. The peak height o f  the PL o f  this sample decreased by ~  28 tim es 
between 3OK and 295K. It is evident from  the 0% bism uth containing sam ple PL 
spectra shown in figure 5.5 (a), that the PL is broader than the standard bulk 
epitaxial Ino.5 3 Gao.4 7As. The FW H M  o f  the 3OK peak is ~13.2m eV, w hich is 
significantly larger than the 2.9m eV  for standard InGaAs m easured at 4.2K  [21]. 
A llow ing for tem perature dependent line w idth broadening this value can be 
extrapolated to higher tem peratures using the standard equation (equation 5.1). For 
3OK this is still below  3.5 meV, w hich is less than the ~ 13.2meV m easured for the 
reference samples at 3 OK. This additional broadening m ight be due to (defects due 
to) the low tem perature growth o f  the reference sample.
The tem perature dependence o f  the line w idth o f  interband transitions yields
im portant inform ation about electron phonon interaction and also the quality o f  the
grown m aterial sim ilar to those obtained by the tem perature dependence o f  band
gap. The tem perature dependence o f  the band gap is quantified by the V arshni
expression (given by equation (2.13) in Chapter 2) or the Bose Einstein Expression
(given in A ppendix 9.4). Sim ilar to the Bose Einstein expression for the
tem perature dependence o f  the band gap, an expression can be w ritten for the line
width broadening w ith T
Yl oy (T )  — 7 o +  (5-1)
e /T - l
H ere Yq is the intrinsic broadening due to impurities, dislocations or alloy 
scattering. The value o f  this term  indicates the quality o f  grown material, y  1 0  is the 
electron/ LO -phonon coupling param eter and 6 1 0  -E ic /k  is the LO -phonon 
tem perature. A  linear interpolation o f  E lo  for GaAs ~36m eV  and InAs ~29m eV  
gives 6 1 0  ~  374K for InGaAs (~ 53%In).
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Figure 5.5: a) Photoluminescenee spectra of the 0% Bi InGaAs/InP sample under optical 
pumping power of 200mW at different temperatures. The spectra are normalised to all 
have the same peak intensity, but that of the 295K spectrum is -  28 times lower than at 
3OK. (b) Photoluminescenee spectra o f the InGaBiAs/InP samples with 1.1% (solid 
curves) and 2.4% Bi (dashed curves) for several pumping powers at various temperatures; 
1.1% Bi sample: 50mW (at 30K, 60K, 90K, and 120K), 200mW (160K, 190K and 220K), 
300mW (250K and 290K), 500mW and 1W (both at 290K); 2.4% Bi sample: 200W (3OK 
and 90K) and 2W (250K).
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A t 3OK, the PL spectra also showed two peaks around ~ 0.766eV and ~ 
0.734eV (as labelled in figure 5.6 named as B and C). The peak B is 20meV lower 
than the fundamental band gap transition and C is 32meV lower than the B. This 
probably comes from shallow donor/aeeeptor states w ith LO-phonon replicas 
which are observed here as C, since 32meV correspond to the LG phonon energy 
in InGaAs considering that the interpolation o f the LG phonon energies o f GaAs 
(~36meV) and InAs ~ 29meV gives the ~32meV) [22]. It would require further 
investigation at low  temperatures 4K-10K to identify which donor/aeeeptor states 
these are.
20meVi
10 -
0.766eV
T=30K
300m W
0.734eV
I
0.
0 .70.6 0.8 0 .9
Energy(eV)
Figure 5. 6 : 3 OK PL of the reference InGaAs sample grown at low temperature (300^C)
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The 1.1% bismuth containing sample has relatively weak band to band PL 
w ith  unusual temperature dependent band gap as the band to band PL peak 
disappeared below -160K  represented by coloured solid line spectra in figure 5.5 
(b). Below that temperature there is a long wavelength PL (1.8-2.7um) emission 
(represented by the black solid line) which is stronger than the band to band PL. 
This is -100 times stronger w ith  very small excitation l-2m W  as seen clearly in 
figure5. 5 (b). However, this peak is very broad and centered at -  0.55eV w ith  a 
FW HM  o f 0.19eV (labelled as A ).
There was no success in  observing any clear PL w ith  B i > 2.4%, however the 
longer wavelength PL emission has been seen in the 2.4% B i containing sample 
(dashed lines in Figure 5.5 (b)). This long wavelength emission (labelled as B) is -  
3 times weaker and narrower than that seen in the 1.1% sample. The longer 
wavelength emission as seen in 1.1% and 2.4% bismuth containing samples has not 
been seen in  the 0% reference sample. This suggests that the long wavelength 
emission seen in 1.1% and 2.4% bismuth containing samples is somewhat related 
to the bismuth incorporation and could be from  high B i containing areas as already 
seen in GaAsBi material systems due to bismuth inhomogeneity. Due to a low  
growth T, the B i is not distributed evenly throughout the layer, but some areas 
m ight have a higher B i content relative to the nominal B i fraction, called B i rich 
areas. These B i rich areas trap the carriers at low  temperature and produce the 
longer wavelength emission. W hile at high temperature, the carriers gain enough 
thermal energy to escape from  these traps. This is consistent w ith  Rutherford 
backscattering spectrometery (RBS) o f bismide epilayers which revealed that the 
B i content increases in the growth direction causing inhomogeneity in  the layer
[23].
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5.5.3 Photo-modulated reflectance (PR) spectroscopy
The PR o f the samples w ith 0%, 1.1%, 2.4% and 3.9% B i and even higher B i 
containing samples (which w ill be discussed separately in section 5.5) gave very 
clear band-to-band transitions compared to PL. The PR spectra has been analysed 
by the TDFF model discussed in Chapter 4 to determine the transition energy 
values. The example o f a TDFF fit o f the PR spectrum o f the 1.1% sample at RT is 
shown in figure 5.7. The open circles are the PR spectrum and the red solid line is 
the TDFF fit o f the spectrum while the dashed lines represent the three oscillators 
needed to fit  the TDFF related to the three features in the spectrum.
InGaAs
0.665eV
- InGaAsBi
6 .65 .7
Energy (eV)
.75 3
Figure 5.7; The TDFF fit of the PR spectrum of 1.1% Bismuth containing InGaAsBi 
epilayer at RT. The open circles are the measured PR spectrum, the red solid line is the 
TDFF fit and the dashed lines represent the three oscillators needed for the fit 
corresponding to three transitions.
The PR spectra o f the 1.1% and 2.4% bismuth containing samples are 
shown in figure 5.8. The PR transitions near Eg are very clear for both samples as 
compared to the PL and get stronger at low temperature. However, the 3OK signal 
dropped by a factor o f 3 as the bismuth content increased from 1.1% to 2.4% and 
the peaks are also broader. The transition energy values shown by the open circles
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were determined using the TDFF model. The high energy feature around ~ 0.7eV is 
the Eg transition from  the InGaAs buffer layer. There is one middle transition 
appearing in the 1.1% sample above 15 OK, which may be due to the presence o f a 
low  bismuth content (~ 0.6%) region near the interface w ith  the InGaAs buffer in 
this th ick epilayer or it could be the CB-LH transition (assuming it is strained).
However, one would not norm ally expect to have strain in such th ick layers 
(a ll samples in  this thesis > 280nm) where the critica l thickness is 69nm [23]. 
Zhong et a l [23 ], reported that the X  -ray d iffraction studies o f 280nm th ick 
InGaAsBi epilayer w ith  ~ 3.9% B i content showed that it  is fu lly  strained. They 
attributed the strain in  these th ick layers > 280nm to the low  temperature growth. 
The growth temperature (285-317^0) is far from thermodynamic equilibrium . The 
strain release requires excess thermal energy to perm it dislocation motion. 
A lternatively, defect nucléation could be insufficient to perm it relaxation.
S im ilarly, the high energy transition has been seen in the 0% bismuth containing 
sample which m ight be LH-CB transition (assuming again that the layer is strained 
due to low  growth temperature) shown in figure 5.9. The VBS splitting is very 
clearly resolvable at low  temperature however it is slightly weaker at higher 
temperature as the line w idth is broader at high temperature. The splitting effect 
can be easily resolved in PR due to the sharp derivative like features o f the 
transition. The modulation effect makes the weaker effect more pronounced. This 
strain effect is not seen in  PL or absorption measurements.
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Figure 5.8: Photo modulated reflectance spectra of (a) the 1.1% and (b) the 2.4% Bi- 
containing samples at various temperatures in the region of the fundamental band gap. 
Open circles indicate the transition energy of the lowest-energy fitted TDFF. The feature 
near -  0.73 eV at 296K is due to the Ino.5 3Gao.4 7 As buffer layer.
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Figure 5.9: Photo modulated reflectance spectra of the 0 % Bi-containing sample at 
various temperatures in the region of the fundamental band gap. The open circles are the 
transition energy values for CB-HH (low energy transition) and CB-LH (high energy 
transition).
PR helps to determine the detailed band strueture and the E g^  transition was 
also observed for InGaAsBi epilayer as w ell as Eg for the In? substrate as shown in 
figure 5.10. The spin-orbit splitting transition is observed to be constant w ith  the 
increase in bismuth composition. This E g^  is the transition from the spin-orbit 
sp lit-o ff band to the conduction band. In case o f ternary bismide alloy, E g^  was 
measured for GaAs and GaAsBi respectively, ^ /^ w a s  red shifted w ith  the increase 
in B i content as shown in chapter 4 (figure 4.7). The measured net red shift E g^  ~ 
22meV/Bi% (Chapter 4) in GaAsBi (m ainly due to the downward movement o f the
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CB w ith the incorporation o f bismuth) is in agreement w ith the tight binding 
calculation by Broderick et a l [24 ]. In InGaAsBi measurements, there is only one 
transition and also representing no shift in energy w ith  increase in bismuth. 
The probable explanation is that the red-shift in the caused by the
incorporation o f bismuth m ight be overcome by the blue shift in the E ^ ^  due to the 
compressive strain (as shown in figure 4.16 in Chapter 4) in InGaAsBi epilayer and 
also the blue shift created by the low  In fraction (< 53%) in these samples. This 
collective blue shift neutralises the red shift consequently making E ^ ^  for 
InGaAsBi equivalent back to E ^ ^  for InGaAs.
E (InP)
0  .4 -
2 . 4 %1 .0 8 7
<=> 0 .2 -
X
o:-o
1 .335 1 .1%1 .0 7 6
x O . 2
1 .0 9 2
0 .0 -
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1 .31 .0 1.1 1 .2 1 .4 1 .5
E nergy  (e V )
Figure 5.10: RT photo-modulated reflectance spectra of 0%, 1.1% and 2.4% bismuth 
containing InGaAsBi samples. Solid curves are the experimental data and open circles are 
the TDFF fits.
Flowever, it was confirmed by using the shorter wavelength 457nm laser 
(penetrating less to InGaAs buffer) that E ^^  measured corresponds to InGaAsBi 
layer due to reduced penetration depth o f the 457nm laser compared to 808nm 
laser. PR w ith the 457nm laser was tried on sample #101115B w ith  B i~ l.l%  and
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thickness o f InGaAsBi epilayer ~ 600nm. Taking into aeeount the absorption 
coefficient values [25] o f the InGaAs at particular wavelengths for both the lasers 
suggests that the 457nm laser is completely absorbed in the 600nm epilayer o f 
InGaAsBi and does not penetrate into InGaAs buffer as shown in figure 5.11. The 
spectra are also shown in figure 5.11 w ith 808nm and 457nm lasers. It is clear from 
the figure 5.11(a) that the band gap feature o f InGaAs was not measurable w ith the 
457nm laser but it  was measured w ith the 808nm laser. The measured around 
~1.09eV (shown in figure 5.11(b)) in the 1.1% bismuth eontaining sample w ith the 
457nm laser is therefore the E g^  o f InGaAsBi epilayer.
4 5 7 n m  8 0 8 n m
d= 6 0 0 n m
InGaAs
lnP:Fe
InGaAs
1.1% Bi 
457nm laser 
300K0 :CL 808nm
457nm  "
SO
0 6 0 . 7 0 9 1 0
Energy(eV)
Figure 5. 11: a) shows that InGaAs Eg feature with 808nm while not with 457nm laser 
however, the E g ^  feature was apparent in (b). The block diagram on the top represents 
that 457nm laser is completely absorbed in 600nm of InGaAsBi
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5.5.4: Composition dependence of Eg and Aso
The critica l transition energy values were determined for the band gap Eg 
and Eg^  from all three types o f measuring techniques. The results from all three 
teehniques are shown in figure 5.12. The Eg from absorption is determined by a 
linear fit o f (a is the absorption coefficient calculated from the absorption 
measurements) versus photon energy shown in figure 5.4. The PL peak position 
gave the transition energy value w hile the TDFF model (discussed in the Chapter 3) 
is used to determine the transition energy values in PR. Consequently, the values o f 
Eg and Aso = Eg for all bismuth concentrations are shown in figure 5.12.
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Figure5.12: The points represent room temperature absorption, PL and PR experimental 
results up to Bi ~ 3.9%. The solid lines are valence band anti-crossing model [6 ] 
calculated curves for InGaBiAs band gap, Lg, and spin-orbit splitting, Aso, for different In 
compositions from 0% to 53%, versus Bi fraction, at room temperature.
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Figure 5.12, shows the reduction in  band gap and the increase in  spin-rbit 
splitting energies based on the experimental results. These results are in  good 
agreement w ith  the theoretical m odelling for InGaAsBi w ith  different values o f the 
In content ranging from 0%-53% [6]. The reduction in  the band gap is largely 
attributed to the valence band anticrossing interaction which is a simple model. The 
B i level lies at nearly the same energy value below the V B M  in  both GaAs and 
InAs as shown in figure 2.6 (Chapter2). Therefore, as a firs t approximation, it can 
be assumed that the anti-crossing interaction o f the B i level w ith  the VB o f the host 
InGaAs material is essentially the same as in GaAs. However, the incorporation o f 
In  shifts the V B M  upwards compared to GaAs and increases the separation 
between the V B M  o f InGaAs and the B i level, so reducing the interaction and thus 
the variation o f Eg w ith  B i fraction compared to GaAs. Aso increases due to the 
upward shift o f the VBM . There is a slight downward shift in  the conduction band, 
but negligible as compared to the VB shift. A  schematic representation o f the 
bismuth effect on InGaAs is shown in figure 5.13 and figure 2.6 (Chapter2).
Jin and Sweeney et a l [6 ], predict a crossover between Eg and Aso at B i 
concentrations o f around 3.3-4.3% shown in figure 5.12 w ith  the experimental data. 
In  materials, where Eg < Aso, Auger recombination processes involving the 
excitation o f a hot hole, as w ell as inter-valence band absorption, w ill both be 
eliminated [2]. From these VBAC  calculations as shown in  figure 5.12, cross over 
in this material corresponds to band gap o f 0.55eV or less (X >  2.2pm) and shows 
the potential fo r low  Auger and optical losses in m id-infrared devices based upon 
this material. To verify this trend o f results and to determine the B i concentration 
fo r which Aso>Eg, further measurements were done on the second set o f samples 
containing B i fraction o f 1.6%, 2.78%, 2.9%, 3% and 5%.
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Figure 5. 13: Schematic representation of VBAC in InGaAsBi. Dashed lines represent the
reference position of bands for InGaAs.
5.6 : Photo-modulated Reflectance studies of InGaAsBi 
epilayers of up to 5% Bi (Sample set B)
This set o f data has more variations in indium  fraction as compared to the 
set A  and have higher B i fraction up to 5%. For this set o f samples only the photo­
modulated reflectance measurements gave good data w hile absorption and PL 
signals were very weak and unclear. The room temperature PR spectra on In i.y Gay 
Asi_x Bix/InP (x =1.6%, 2.78%, 2.9%, 3% and 5%) for the region o f fundamental 
band gap Eg and for the spin- orbit splitting E g^  is shown in figure 5.14. The low 
energy feature in the figure 5.14 (a) is Eg for the lUj.y Gay Asi.^B i^ layer and it has a 
composition dependent red-shift. The high energy transition is the band gap 
transition for the InGaAs buffer layer and the energy values vary from sample to
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sample due to the indium composition variations as listed in table 5.1. Figure 5.14
(b) shows E g ^  is approximately constant as explained in this chapter.
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Figure 5.14: PR spectra of (a) Band gap measurements of Ini.y Gay Asi_x Bix/lnP (x=1.6%, 
2.78%, 2.9%, 3% and 5%) Red curves are TDFFs fits and the black lines are the 
experimental curves (b) Spin-orbit splitting measurements for Ini.y Gay Asi.x Bix/lnP. Blue 
curves are TDFF fits and grey lines are the experimental data. Feature around 1.35eV is 
due to the InP substrate.
The transition energy values for band gap and spin-orbit splitting from the 
RT measured speetra for different bismuth fraetions in the second set o f samples 
have been added to figure 5.12 (the first set o f data) as shown in figure 5.15. The 
new set o f results agrees very w ell w ith the firs t set o f samples as w ell as the 
theoretical modelling. This data confirms that the resonance (Ago-Eg) is between 
3.3-4.4% B i and indieates the Bismuth fraction for which Aso> Eg.
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However, the transition energy values {Eg and A^o) for some o f the samples 
are slightly divergent from the VBAC  model for In ~ 53% (solid line in figure 
5.15). This is probably due to the less indium fraetion and/or some uncertainties in 
the bismuth composition. The 5% bismuth eontaining sample is quite interesting 
reducing the band gap to ~ 2.3pm wavelength and also it has Aso >Eg suitable to 
f il l the gap o f photonic devices above 2.3 pm.
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Figure 5.15: Addition of a new set of results. Eg (red filled circles) and (blue filled 
triangles) for different Bi fractions with the initial set of results represented already in 
figure 5.11. This figure represents the composition dependence of Eg and Aso for different 
Bi fractions resonating between 3.3-4% bismuth content. 5% bismuth containing sample
has Aso>Eg.
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5.7 Temperature dependence of band gap for the InGaAsBi 
epilayers.
One o f the main motivations for exploring bismide alloys is their potential 
to have a less temperature sensitive band gap. As discussed already in  Chapter 1, a 
lower temperature sensitivity o f the band gap o f material used to make the active 
layer o f the photonic devices is crucial for their stable operation such as o f telecom 
laser and m id infra-red laser used for the medical diagnostics. Therefore, exploring 
the temperature sensitivity o f band gap for bismide alloys remains an interesting 
subject to date.
The temperature dependent PL and PR spectra for InGaAsBi epilayers for 
different B i fractions have already been shown in  this chapter (figures 5.9, 5.6, 5.10 
and one in Chapter 6, figure 6.4). The temperature gradient o f the band gap 
{d E /d l)  o f the InGaAsBi epilayers w ith  increasing bismuth composition w ith in  the 
range o f 150-296K is shown in figure 5.16. W ith in experimental uncertainty, there 
is no decrease in dE^dT  w ith  the increase in  B i fraction from 0-3%. For the 5% 
bismuth containing sample, dEg/dT is -0.20 ±0 .10  m eV/K, however, uncertainty is 
high. The weak and broader PL signals and complex PR features cause the large 
uncertainties and based on this data it cannot conclusively be said whether dEg/dT 
is lower fo r this alloy compared to InGaAs. There is s till need for this material to 
be explored further by measuring the epilayers w ith  better material quality to 
establish the temperature sensitivity o f the band gap.
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Figure 5. 16: Temperature gradient of InGaAsBi epilayers from the linear fit between 150- 
296K. The dashed lines show linear fits of the Eg (T) of each sample from T=150-300K, 
the numbers near each line giving the corresponding gradient values, dEg/dT  ~ -0.30 ±
0.1 meV/K on average.
5.7: Conclusion
In this chapter, the optieal characterisation o f the InGaAsBi material was presented 
w ith the aid o f absorption, PL and PR measurements. The electronic band structure 
o f InGaAsBi/InP was established up to 5% bismuth fraetion and the quality o f the 
grown material was also explored. Tailoring the band gap and spin-orbit splitting 
w ith different B i fractions determined that the B i fraction, where Eg ~Aso occurred 
is between 3.3 -  4%. This condition has significance for the efficiency o f photonic 
devices as w ill be discussed in the next Chapter 6. The PR measurements revealed 
that the 5% bismuth containing sample has Ago > Eg which helps to control the 
CHSH Auger losses and I VBA . This shows that the InGaAsBi/InP has a potential 
for m id-IR  devices on InP substrate. However, no band to band PL emission was 
observed fo r the InGaAsBi epilayers above 1.1% bismuth content, indicating that
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there is s till more to be done to improve the material quality. The temperature 
dependence o f band gap o f InGaAsBi epilayers was also measured which 
showed decrease for the highest B i fraction (-5% ) but w ith  high uncertainities 
because o f broader PR spectra. This needs further investigations on better quality 
material.
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Spectroscopic investigation o f the 
properties o f InGaAsBi and GaAsBi 
bism ide alloys around Eg ~ A so
6.1 Introduction
In  this thesis, Chapter 4 contains a discussion o f the detailed electronic band 
structure o f the ternary alloy GaAsBi/GaAs and Chapter 5 covers the exploration o f 
the bismide quaternary alloy InGaAsBi/InP. In  both material systems, it  was 
determined that the B i content fo r which the band gap Eg is equal to the spin-orbit 
splitting energy Aso, is 9.2% and 3.4% B i in  GaAsBi and InGaAsBi, respectively. 
Section-1 o f this chapter discusses the physics o f the transitions close to the 
resonance o f the band gap and spin-orbit splitting energy w ith in  the band structure 
o f bismide based ternary GaAsBi/GaAs and quaternary alloys InGaAsBi/InP based 
on experimental findings. The focus o f the investigation w ill be on the samples in 
both material systems for which the bismuth concentration is such that Eso > Eg at 
room temperature, for which it  is predicted that there should be suppression o f both 
CHSH Auger recombination and IV B A . Both samples were tuned in and out o f 
resonance by cooling them down and, as a result the changes in the line w idth and 
intensity o f PR spectra were observed. Section-2 consists o f further discussion o f 
the carrier recombination mechanisms in the GaAsBi material system w ith  the aid 
o f laser pump power dependent PL studies.
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Section-1
6.2 Experimental methodology and analysis techniques
Two sets o f samples were studied; a) InGaAsBi/InP, and b) GaAsBi/GaAs. 
The details o f the GaAsBi samples are given in  Table 4.1 (Chapter4) and for the 
InGaAsBi in table 5.1 (Chapter 5). Growth details o f these samples are also 
discussed in the corresponding sections o f those Chapters. For the InGaAsBi 
epilayers, the samples #111052B and I10528A containing 5% and 3% bismuth 
respectively were selected for further investigation. The sample # R I914 containing 
10.4% bismuth was selected from the GaAsBi epilayers. The temperature 
dependent PR measurements were performed on the 5% B i containing InGaAsBi 
and 10.4% B i containing GaAsBi epilayers in  order to tune them in and out o f 
resonance. PR spectroscopy was used to study the detailed band structure, in 
particular the Eg and Aso energies, o f both alloys. In  the case o f the InGaAsBi 
samples an 808nm diode laser chopped at a frequency o f 827Hz was used and 
aimed at the same spot on the sample as the monochromatic probe. The output PR 
signal was measured w ith  a lock-in am plifier connected to a liqu id  nitrogen cooled 
InSb detector. The interband transitions Eg and E g^  were measured at room 
temperature fo r the Ini.yGUyAsi.xBix alloys w ith  x = 3% and 5%. PR spectra o f the 
3% and 5% bismuth containing InGaAsBi/InP samples were also measured in  the 
temperature range o f 70-300K using a closed -cycle helium cryostat.
For the 10.4% bismuth containing GaAsBi epilayer, a 514nm argon ion laser 
chopped at a frequency o f 333Hz was used for the PR measurements over a 
temperature range o f 70-300K. Further details o f the experimental methods for the 
GaAsBi epilayers can be found in Chapter 4.
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The PR spectra were analysed as in Chapter 4 and Chapter 5, by fittin g  w ith  an 
Aspnes th ird  derivative functional form  (TDFF) line shape: [1]
Y  =  R e [ c e ^ ^ { E - E g  +  iY) ” ] (6.1)
This equation has already been decribed in Chapter 3. Note that the line shape 
described by Equ. (6.1) has an oscillatory form, in  general w ith  several positive- 
and negative-going lobes. Thus, the amplitude and line w idth o f the spectrum are 
generally accessible via the process o f least-squares fittin g  equation (6.1) to the 
experimental spectrum. However, TDFF also has a phase in  it as the PR spectra, so 
it is sometimes easier to determine the PR amplitude and line w idth from  the 
modulus spectrum, M  (E), o f the PR signal as described by equation (6.2), which 
may be obtained by perform ing a Kramers-Kronig (K K ) transformation o f the PR 
spectrum as described in  R ef [2].
M (E ) = c (6.22)
The K K  transformation actually relates the real and imaginary part o f any function 
and i f  one is known the other can be calculated from  it. Here, the K K  
transformation takes the PR spectrum, calculate its imaginary part and modulus o f 
spectrum in simple terms w ill be
M (E ) =  ^PR2 +  iIm „ „ {P R )y
In  cases where the PR spectrum can be fitted w ith  a single TDFF, the 
modulus spectrum is a simple peak (independent o f phase) from  which the 
amplitude and line w idth (ha lf w idth at h a lf maximum, H W HM ) can be “ read o f f ’ 
by conventional means. For the line w idth analysis, second method was employed. 
The example o f the K K  modulus o f PR spectrum is shown in figure 6.1
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Figure 6 . 1: The KK modulus (black open circles) of a PR spectrum (blue filled circles) 
used to determine the line width.
In addition to PR, power dependent PL measurements were performed in 
order to quantify the recombination mechanisms in different bismuth-containing 
GaAsBi samples, whose results are discussed in section II. For the PL, the samples 
were excited w ith a 532nm diode pumped solid state (DPSS) laser (w ith spot size -  
3.14x lO'^ ^cm  ^and power lO-IOOOmW w ith power density 32W cm'^- 3I84W cm'^). 
The PL emitted from  the sample was then focused into a single grating 
monochromator using a Cassegrain lens. The output signal was measured w ith  a 
lock-in am plifier connected to a liqu id  nitrogen cooled germanium detector.
6.3 PR Studies on Ini.y GUy Asi_x Bix tuning the Eg and Aso 
into resonance
6.3.1: Choice of sample
Recalling from Chapter 5, PR studies o f InGaAsBi showed that the 5% 
bismuth containing InGaAsBi epilayer on InP has Aso greater than Eg and the
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resonance o f Eg and occurs between 3.3 and 4.3% B i as shown in figure 6.2. As 
described earlier in Chapter 2, this is therefore a very interesting sample as this 
provides the possibility to suppress CHSH Auger losses since > Eg. In order to 
study the physics o f the transition around the resonance Eg -  Aso and out o f 
resonance Aso>Eg, the main focus was on the 5% bismuth containing sample.
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Figure 6 . 2: Room temperature Eg (fed filled cireles) and Aso (blue filled triangles) values 
obtained by fitting the PR spectra of the Ini.y Gay Asi_x Bix/InP as a function of bismuth 
composition. Note that Eg< Aso for the Bi=5% sample (Taken from Chapter 5).
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6.3.2: Temperature dependent PR measurements on 5% bismuth 
containing InGaAsBi epilayer
The fact that Eg < Aso in  the 5% bismuth containing sample at RT allows 
the use o f temperature dependent PR to tune this sample beyond the Eg ~ Aso 
resonance by cooling from  300K down to ~76K, since Eg increases w ith  cooling as 
shown by the simple schematic description below figure 6.3 while Aso, being an 
atomic property, is independent o f temperature. The PR spectra in the regions o f 
the Eg and E g^  transitions at different temperatures fo r this sample are shown in  
figure 6.4. This shows the expected blue shift in  Eg w ith  decreasing T (as discussed 
in Chapter 2) fo r the InGaAsBi layer (low  energy side in figure. 6.4 (a)), the 
InGaAs buffer layer (high energy side o f figure. 6.4 (a)) and E g^  for the InGaAsBi 
layer in figure. 6.4 (b). The high energy transition in  the figure 6.4 (b) is E g^  for 
the InP substrate. The TDFF model was used to f it  these spectra to determine Eg 
and E g^  at a ll temperatures (shown by the open circles). The resulting temperature 
dependence o f Eg and E g^  is shown in figure. 6.5. These are fitted w ith  a Varshni 
model w ith  parameters o f a = 0.30meV/K for both the Eg and E g ^  transition 
energies o f the InGaAsBi epilayer. This is lower than the a parameter obtained for 
the InGaAs buffer layer (0.42meV/K). The other parameters for the Varshni f it  are 
shown in  Table 6.1.
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LowT
Figure 6 . 3: Schematic description of effect of cooling on the interband transition as Eg 
increases while remains unaltered.
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Figure 6 . 4: Temperature dependent PR spectra for the Bi=5% InGaAsBi sample in the 
energy regions of a) Eg and b) E g ° . The circles mark the fitted PR energies. The low 
energy feature in (a) is for the InGaAsBi epilayer while the high energy feature is from the 
InGaAs buffer layer. In (b) the highest energy feature is from the InP substrate.
Table 6.1: Varshni parameters for the InGaAsBi epilayer and InGaAs buffer
Energy a x  lO ^eV/K P(K) Eo (eV)
Eg (InGaAs) Buffer 
Eg (InGaAsBi) Bi 5%
E /®
4.6
3.0
2.9
325 OTGO
230 &596
226 1 . 6 6 6
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In figure. 6.5(b) the open circles are the results for /Iso obtained from the 
difference between the fitted Eg and results, and the dashed line is the 
difference between the Varshni curves for Eg and Eg®® in the figure. 6.5 (a) which 
helps to determine the average value o f From figure.6.5 (b) it is clear that as 
expected, there is no change in /Iso w ith  temperature, and that Eg is in resonance 
w ith /Iso around 200 ± lOK and at an energy o f ~ 0.568eV ± 0.002eV.
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0 .5 8 so
> 1.12
o>
UJ
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Figure 6.5:  a) The fitted Eg (blue triangles) and (red triangles) results for the 5% 
bismuth InGaAsBi epilayer. Solid curves are fits with Varshni model, (b) Comparison 
between the temperature dependence of Eg (red triangles) and Aso (open circles, obtained 
by subtracting the Eg and E g °  values in (b)). The dashed line is the difference between the 
Eg and E g °  Varshni curves from figure 6.5 (a).
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6.3.3 Line width analysis of T- dependent spectra for the InGaAsBi 
epilayer containing 3% and 5% Bismuth
Considering the resonance near 200K for this InGaAsBi/InP sample w ith  
5% bismuth, the temperature dependence o f the line w idth o f the PR spectra in the 
Eg region was examined. Here, the discussion is about the line w idth parameter 
determined by taking the modulus o f the PR spectra via the K K  transformation. 
The temperature dependent PR modulus line w idth (HW HM ) is shown in figure 6.6 
(a). The blue fille d  circles are the line w idth in  eV for the band gap transition o f 
the InGaAsBi epilayer w hile the red fille d  triangles are fo r the InGaAs buffer layer. 
The solid black curve is a f it  w ith  equ. 5.1 (Chapter 5) representing the 
conventional behaviour o f the broadening o f a band gap transition w ith  temperature 
due to coupling to LO phonon modes [3].
For comparison, measurements were also performed for the temperature 
dependent behaviour o f the line w idth o f the 3% bismuth containing sample on the 
Eg > Aso side o f the resonance (see figure 6.2). The temperature dependent 
behaviour o f the line w idth o f the 3% bismuth containing sample is shown in 
figure 6.6 (b). The solid black curve is the conventional line w idth broadening fit  
w ith  equation (5.1). The values o f parameters obtained from the f it  fo r line w idth 
curve o f InGaAs in  figure (6.5.a) and for the line w idth curve o f 3% B i 
containing InGaAsBi epilayer in figure (6.5.b) is given in  table 6.2 below.
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Table 6.1: The values of Bose Einstein type [equation 5.1]fit parameter of InGaAs
and InGaAsBi
Sample Yo ( m e V ) Y i o i m e V ) ^io(K )
(InGaAs) Buffer 27 ± 0.2 24 ± 0.4 371 ±5
(InGaAsBi) Bi 3% 52 ±0.5 175 ±49 345 ± 49
The values o f LO phonon coupling parameter obtained from fit  is quite high (as 
shown in Table 6.1) in comparison to the InGaAs indicating the strong electron 
phonon coupling in bismide layer which is expected as it has been already observed 
for the GaAsBi bulk samples [4].
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Figure 6 . 6 : (a) Temperature dependence of the line width of the band gap transition PR 
feature of 5% Bi InGaAsBi (blue circles) and the InGaAs buffer layer (red triangles). The 
solid black curve is a fit with Equ. 3. The blue curve is a guide to the eye.(b) Temperature 
dependence of the line width of the band gap transition PR feature of 3% Bi InGaAsBi 
(green triangles) and the black solid line is fitted with equation (5.1, Chapter 5).
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As can be seen from figure 6.6, the 5% and 3% bismuth containing samples have a 
higher line width than the InGaAs buffer. However, the behaviour of line width the 
5% Bi containing InGaAsBi is very different from this conventional temperature 
induced variation in InGaAs and also in InGaAsBi epilayer with 3% Bi content. 
Firstly, the overall line width is generally larger than that of the InGaAs feature 
similar to InGaAsBi with 3% Bi content. Secondly, the line-width actually shows 
an overall increase with cooling, in contrast to the conventional behaviour. Finally, 
there is a peak in the line width near 200K where E g-A so
In order to investigate this unusual behaviour in InGaAsBi with 5% Bi 
content and to eliminate any experimental error in the same sample, the line widths 
of the spin-orbit transition energy with temperature were also examined (not shown 
here). It does not show any deviation from the conventional behaviour. So the 
unusual behaviour of the line width of the 5% Bi containing sample (shown in 
figure 6.6 (a)) is explained in the following way.
Firstly, considering the general increase in the bismide line width with cooling, the 
interpretation of this behaviour is as follows. It is known that there are spatial 
variations in the bismuth content in these samples and these variations increase in 
higher bismuth containing samples [5]. This would manifest itself as spatial 
inhomogeneity in the fundamental band gap leading to a smearing of the PR 
feature, with the resulting consequences for the measured line width. Thus, at low 
temperatures, there may be insufficient thermal energy to excite carriers, in 
particular holes (represented by filled circles) near the VB edge of the wider-gap 
bismide regions into nearby narrower gap regions. The overall effect would be to 
give a larger average inhomogeneously broadened PR feature, and so a larger line- 
width as shown in figure 6.7 (a).
On the other hand, at higher temperatures the aforementioned holes in the 
wider-gap regions may receive a sufficient thermal energy to escape into the 
narrower gap regions, reducing the range of the inhomogeneously broadened band
202
Chapter6; Spectroscopic investigation of the properties of InGaAsBi and GaAsBi alloys around Eg~ Aso
gap energies observed, with the eonsequenee that the PR feature is somewhat 
narrower than at low temperatures as shown in figure 6.7 (b). This shows that the 
temperature induced increase in line width become less important than the 
broadening due to the inhomogeneities in the alloy. Assuming that some of the 
carriers start to escape from the bismuth localised regions (formed due to 
inhomogeneities) at 200K, i.e, kT~17meV since the VB edge which moves upward 
at ~ 42meV/%Bi [6] this suggests that < 0.5% Bi variation can cause such 
broadening.
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Figure 6. 7: Schematic representation of the inhomogeneity induced line width variation 
with temperature. Filled circles are the holes and the open circles are the electrons. Lowest 
lobes on VB are the regions developed due to bismuth inhomogeneous distribution or 
bismuth clusters. Figure 6.7 (a) represents the low temperature case, here charge carriers 
(holes in this case) get trapped in these regions and contribute to the transition energy 
region increasing the overall broadening of PR feature. While at high temperature figure 
6.7 (b), the carriers get enough thermal energy to get out of these bismuth traps and 
transitions are only happening from the narrower gap VB edges resulting in less 
broadened PR features.
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Secondly, the peak seen in the line width in 5% bismuth containing sample 
is actually near the temperature where Eg~ Aso, our interpretation is as follows. At 
resonance, two transitions occur at the same energy; one is the HH- CB transition 
and other is from the SO-HH transition. Under normal circumstances one does not 
observe a PR signal arising from an electron transition from the SO -HH, as there 
are only a few empty electron states near the VB edge as shown in figure 6.8 (a). 
However, at Eg -Ago, then both the HH-CB and SO -HH transitions can happen at 
the same energy (= Eg and Aso) because empty states near the VB-edge are 
constantly being made available via the VB-edge to CB-edge transitions as shown 
in figure 6.8 (b). The occurrence of both transitions and also thermal distribution of 
carriers involved will manifest itself as a pronounced broadening in the PR line- 
width, i.e. a peak near and around the resonance temperature (200K), when such 
additional transitions become allowable. There was not observed any such rise in 
line width of 3% bismuth containing sample as it is moving fiirther away from 
resonance on cooling consistent with the argument made here in this work.
This effect is further explained by figure 6.8. In PR, a narrow range of 
photon energies is incident on the material at every given instant. In the case, while 
Eg >Aso, absorption occurs from HH to the CB labelled as ‘1’ in figure 6.8 (a) 
leaving the free electron state (open circle) behind it. The electron in the SO band 
cannot be excited to that free state in VB as for that it needs photon of different 
energy which is not available at that instant when absorption occurs from VB-CB. 
This empty state will be filled when the excited electron will recombine back to the 
empty state in the VB. However, at resonance, the empty state left by the transition 
from the VB to the CB (labelled as 1) can now be filled by an electron excited from 
SO to VB (labelled as 2) as it needs a photon of the same energy (as required by an 
electron to be excited from VB-CB) at the same time as shown in figure 6.8 (b).
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Figure 6. 8: a) Out of resonance, SO-HH transition cannot occur, (b) Eg ~ Aso it is 
possible to have absorption from SO-HH in addition to HH-CB.
In support of the above argument in section-1 regarding the line-width, peak 
near the E g - Aso resonance condition in Bi=5% InGaAsBi, there will be presented 
a description of a very similar effect observed in the GaAsBi/GaAs material 
system.
6.4: PR studies on GaAsBi: tuning the Eg and Aso into
resonance
6.4.1: Choice of sample
The results of room temperature PR studies on a set of compressively 
strained GaAsi.^Bix epilayers on GaAs with x = 2.3%, 4.5%, 8.5% and 10.4% Bi in 
order to determine the Eg and Aso parameters of this material system has already 
been described in Chapter 4. It was predicted that the Eg -  resonance would 
occur in this strained GaAsBi material system at bismuth concentrations of 9.4 ± 
0.2%. Thus, the highest 10.4% bismuth containing sample has Eg< Aso at RT, as
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shown in figure. 6.9. This is the sample whieh can be tuned back to resonance by 
decreasing the temperature.
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Figure 6.9: Room temperature values of Eg and Aso for different eompressively strained 
GaAsBi epilayers obtained from PR measurements, as a function of Bi content Chapter 4. 
The Eg ~ Aso resonance occurs around 9% Bi. The dashed line indicates the change in the 
band gap if the temperature is reduced.
6.4.2: Independent PR measurements on the 10.4% bismuth containing 
sample
To tune this sample through its Eg-Aso resonance therefore again requires 
cooling. The PR spectra were measured between 300K and 70K and the transition 
energy values for Eg and Eg^ again obtained by fitting with TDFFs, as shown in 
figure. 6.10 (a). Figure 6.10 (b) compares the resulting temperature dependence of 
Eg (already discussed as in figure 4.9, Chapter 4) and Aso (open circles, taken 
from the difference of Eg and Eg^). The red solid line is the difference between the 
Varshni curves for Eg and shown in figure 6.10 (a). This shows that Aso is 
essentially independent of temperature, as expected. Figure 6.10 (b) shows that Eg^
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resonance in this strained 10.4% Bi GaAsBi alloy occurs around 130 -150 K at 
an energy of ~ 0.872 ± 0.002eV.
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Figure 6. 10: a) Experimental Eg (red triangles) and Eg° (blue triangles) transition energy 
values versus temperature for 10.4% bismuth containing GaAsBi/GaAs. The black solid 
curves are fits with the Varshni model, b) Temperature dependence of the Eg (red 
triangles) and Aso (open circles) results for the same sample, showing they are in 
resonance between 130 -150K at an energy of ~ 0.872 ± 0.002eV. The horizontal red line 
is the difference between the two Varshni fits in 6.10 (a).
6.4.3 Line width analysis
Here the foeus was again to examine the PR speetral line width obtained 
from the modulus speetra of the PR measurement, using the KK transformation 
technique. This sample showed less inhomogeneity relative to the 5% Bi eontaining 
InGaAsBi as it did not show high values of line width at low temperature as shown 
in figure 6.10 as was seen in the 5% InGaAsBi epilayer. However, figure 6.10 (a), 
eonfirms the general behaviour seen in the InGaAsBi alloy (figure. 6.6), showing a 
resonance peak in the line width for this strained 10.4% Bi GaAsBi alloy, this time 
between 130K and 15OK, in agreement with the temperature of the Eg -  Aso 
resonance in fig. 6.10 (b).
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Figure 6.11: The temperature dependence of the PR line-width of the fundamental band 
gap transition feature for the 10.4% bismuth GaAsBi sample (blue triangles), showing a 
peak near Eg ~ Aso resonance temperature of 13OK, in agreement with 5% InGaAsBi 
sample.
This confirmed that 10.4% bismuth containing sample has Aso^ Eg at RT as found 
earlier and also confirmed that the resonance of Eg ~ Aso is happening in this 
sample which were probed by cooling it down. The line width resonance is an 
interesting effect which makes it possible to indirectly measure the transitions 
between the SO and HH band edge which do not normally occur in bulk 
semiconductors in equilibrium. This is an interesting effect that is made possible by 
the E g- Aso, resonance and may in itself have applications in enhanced absorption 
in photovoltaics and photodetectors [7].
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Section-2
6.5 Pump power dependent PL studies
As discussed in the introduction and in the previous section, there is a 
possibility of reducing the CHSH Auger and IVBA losses in bismide alloys where 
Eg<Aso has been achieved. Therefore, further spectroscopic measurements were 
performed to investigate the recombination mechanisms in GaAsBi/GaAs epilayers 
with up to 10.4% Bi content. For that purpose, power dependent PL measurements 
were performed on the same set of GaAsBi/GaAs (2.3% < Bi < 10.4%) 
compressively strained epilayers discussed in the previous section, at RT and 15 OK, 
in order to investigate the recombination mechanisms over a wide range of 
excitation powers (lOmW to 1W with power density 32Wcm'^- 3 184Wcm'^).
Power dependent PL studies are helpful in order to determine the relative 
importance of the different carrier recombination processes. Figure 6.12 (a) shows 
how the room temperature PL spectra vary with laser pump power for the 4.5% Bi 
containing GaAsBi sample and figure 6.12 (b) shows the variation in integrated PL 
intensity with pump power for this sample. The latter provides a signature of the 
dominant recombination processes occurring. In this case, a super-linear variation 
of the integrated PL intensity with laser pump power demonstrates the presence of 
monomolecular recombination, most likely via material defects.
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Figure 6. 12: a) Laser pump power dependent RT PL spectra and (b) corresponding 
integrated PL intensity for the 4.5% bismuth GaAsBi sample as a function of laser power.
To quantify all such recombinations, the slope analysis was used as already 
introduced in Chapter 2. The dominant carrier recombination mechanism can be 
determined by analyzing the slope of a log-log plot of the integrated PL intensity 
versus the laser excitation power. The slopes m ~2/z (as described in equation 
2.26, Chapter 2) for the different samples describe the different earrier 
recombination mechanism.
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Figure 6.13: Integrated room temperature PL intensity versus exeitation power plotted on 
a log-log scale for the four different Bi-eontaining GaAsBi epilayers.
The variation in the slopes shown in (figure 6.13 and 6.14 (a) in combination 
with peak to peak intensity (figure 6.14 (b)) for these samples help to identify the 
different earrier recombination. The slopes of 2, 1 and 2/3 indicate that the 
dominant recombination mechanisms are SRH, radiative and Auger, respectively. 
All the GaAsBi epilayers studied here showed the slope >1, indicating the presence 
of defects in layers. However, the combined variations in slope and PL intensity 
helped to understand the dominant recombination mechanism. From the figure 
6.14(a), the maximum value of slope m -  1.9 observed for the 2.3% bismuth 
containing sample indicates that defect dominated recombination is dominant, 
consistent with the low PL intensity observed for this low Bi concentration shown 
in the inset of figure 6.14 (b). The comparatively smaller m -  1.6 for the Bi = 4.5% 
sample represents an improvement in quality of this sample in combination with a
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considerable increase in the PL intensity in 6.14 (b). Note that a slope less than 1 
signifies a dominance of non-radiative recombination such as Auger. Interestingly, 
the 8.5% and 10.4% samples exhibit the same slope at 300K of 1.20. However, 
since the PL intensity is weaker for these samples than for the lower Bi fraction 
samples, it implies that another non-radiative process is present in addition to 
defect recombination. Given that the slope is lower, these results suggest that 
Auger recombination is likely to be playing a greater role, which is consistent with 
the reduced band gap at higher bismuth fractions.
RT2 ~ defect recombination
6000
O W 4000CL
1 ~ radiative recombination
Q.
0.67 2000
0.67- Auger Recombination
10 2 104 6 8
Bismuth% Bismuth%
Figure 6. 14: (a) Variation in slope at RT with increasing Bi fraction representing that 
Auger recombination is contributing at higher Bi fractions and (b) represents the variation 
in peak to peak intensity of the PL for these samples.
Upon cooling the higher 8.5% and 10.4% Bi containing samples to 15OK, a clear 
difference in behaviour is evident, as shown in figure 6.15; between RT and 150K 
the slope for the 8.5% bismuth containing sample increases from 1.20 to 1.42 with 
an accompanying increase in the integrated PL intensity. This suggests that the 
Auger losses decrease with cooling due to both the reduced thermal spread of 
carriers, and the increase in material band gap [8]. However, for the 10.4% sample, 
the slope is almost unchanged between RT and 15 OK at 1.2 and the relative 
increase in PL intensity is only half of that of the 8.5% sample. This may perhaps
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be understood, if with decreasing temperature, the 10.4% sample is brought closer 
to the Eg -  Aso resonance and hence the CHSH Auger process is activated. This 
would explain why Auger does not decrease with decreasing temperature; since the 
decrease in temperature activates the CHSH Auger process. In the 10.4% sample at 
room temperature, Eg<Aso the CHCC process is contributing to the decrease in the 
slope and upon cooling the sample is approaching the resonance activating the 
CHSH process. Therefore, the slope remains almost unchanged upon cooling. This 
explanation provides initial tentative evidence for CHSH Auger suppression in the 
10.4% sample at room temperature verifying the usefulness of bismuth in 
suppressing the Auger losses from > 9% Bi in GaAsBi/GaAs structures.
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■ 8.5%, RT
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▲ 10.4%, RT
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m=1.2
m=1.2
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Figure 6. 15. Contrasting behaviour of two samples around the resonance
6.5: Conclusion
In summary, PR and PL spectroscopic studies were performed on ternary 
GaAsBi/GaAs and quaternary InGaAsBi/InP bismide alloys with bismuth
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compositions for which Aso^Eg at room temperature. Both alloys have interesting 
applications in devices in the telecommunication (1.3-1.6pm) and mid-IR 
wavelength ranges. These samples were tuned around the resonance by cooling 
them down from RT. The increase in line width around the resonance {Eg ~ Aso) 
was measured by T- dependent PR. This is found to occur in the Bi =10.4% 
GaAsBi and Bi=5% InGaAsBi/InP samples at ~ 0.872 ± 0.002eV (1.42pm) at 
13OK, and ~ 0.568eV (2.2pm) at 200K, respectively. This study revealed that the 
E g - Aso resonance in these systems is responsible for the observed increase in PR 
line width.
Finally, pump power dependent PL studies were discussed in order to identify 
the carrier recombination mechanisms in the GaAsBi ternary alloy. By using the 
slope analysis, it was determined that there is defect recombination in all the 
samples with 2.3%- 10.4% Bi, however Auger recombination also get activated in 
the high bismuth containing samples 8.5% and 10.4% Bi. Repeating the same 
analysis by cooling down these samples revealed that the 10.4% bismuth 
containing sample might have CHCC at RT and CHSH at low temperature as this 
sample approached the resonance while cooling it down to 15OK. The 8.4% Bi 
containing sample showed the reduction while cooling it down as it is moving 
further away from the resonance and also due to reduced thermal spread of carriers. 
This leads to the conclusion that the CHSH Auger losses in 10.4% bismuth 
containing sample at RT are decreased since it has Aso>Eg. The suppression of 
CHSH Auger losses is significant for the light emitting devices as CHSH Auger 
losses are mainly responsible for the heat losses in these devices. This makes 
bismides potentially useful for improved operating efficiency of 1.3-1.6pm laser 
diodes, optical amplifiers and optical modulators important for optical fiber 
communications as the wavelength at which this suppression happened is around 
1.55pm.
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C hapter 7
GaAsBiN and G aAsBi/G aAsN type-II 
su p erlattice stru ctures
7.1: Optical characterisation of the GaAsBiN material system 
7.1.1: Introduction and Motivation
The incorporation of nitrogen into GaAs forming GaAsN has been studied 
for more than a decade for optoelectronics applications (as discussed in Chapter 1). 
However, the growth of this material is difficult on GaAs due to the atomic size 
mismatch mismatch between N and As [1]. The ternary bismide alloy GaAsBi has 
been discussed in Chapter 4 for Bi content o f up to 10.4% Bi. This is, however the 
maximum Bi fraction where band to band PL emission has been observed 
(although GaAsBi has been grown with up to 22% Bi) [1]. Studies to date show 
that the quality of the material and efficiency starts to degrade for Bi concentrations 
higher than 6%, which corresponds to a wavelength of 1.3 pm while the target 
wavelength for telecommunication is 1.55pm (which requires higher bismuth 
concentrations as discussed in detail in Chapter 1 and 4) [2]. The solution may lie 
in the co-alloying of N and Bi in GaAs as it offers a route to longer wavelengths by 
making the quaternary alloy GaAsBiN. Bi is often used as a surfactant to improve 
growth quality and the incorporation of Bi into GaAsN was already suggested in 
2001 by the Mascarenhas et al [4] the National Renewable Energy Laboratory 
(NREL) in a theoretical paper as a way to improve the optical quality of dilute 
nitrides.
The incorporation of Bi and N both cause a reduction in band gap [4] as N 
mainly affects the conduction band while Bi atoms influence the valence band and
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conduction band [6] [7]. This has been explained by conduction and valence band 
anti-crossing, respectively [8]. The N atoms in GaAs cause tensile strain while the 
Bi atoms cause compressive strain relative to GaAs leading to the possibility of 
strain compensation in GaAsBiN. Sweeney and Jin, recently theoretically 
calculated the wide range of band gaps from 0.2 eV to 1.4 eV that can be achieved 
by varying the N and Bi composition while maintaining the strain to GaAs within 
±1. 5% [9]. They also reported that it is possible to design GaAsBiN/GaAs with 
strong control on the conduction and valence band offset by varying the Bi and N 
fraction. In GaAsBi/GaAs, AEy is bigger than AEc as Bi mainly affects the valence 
band while in GaAsN/GaAs, the AEc is bigger than the AEy as N affects the 
conduction band more significantly [9]. In addition to that, the incorporation of N 
reduces the need of higher bismuth composition which may be beneficial to 
improve the material quality. The band gap of GaAsBiN has also been predicted to 
be less temperature sensitive, making this material suitable for near and mid 
infrared optoelectronic devices [10]. The reduction in the temperature dependence 
of the band gap due to the incorporation of N in GaAs has already been 
experimentally studied [11].
7.1.2 Early Work
There has been some effort to grow GaAsBiN material, however, it is 
relatively unknown experimentally and theoretically as compared to other bismide 
alloys like GaAsBi/GaAs and InGaAsBi/InP. GaAsBiN epilayers were grown for 
the first time in 2004 using MBE by Wei et al [12}. The GaAsBiN epilayers were 
characterised by RBS, which revealed a Bi fi*action of ~ 1.8% in the epilayers [12]. 
In 2005, researchers at the University of British Columbia University (UBC) used 
Bi as a surfactant while growing dilute nitride material. They found that MBE 
grown GaAsN material in the presence of Bi as a surfactant had a reduced surface 
roughness of GaAsN by an order of magnitude and an enhanced N incorporation. 
Furthermore, they also observed an increase in the PL intensity by more than two 
times compared to surfactant-free samples [13]. S. Tixier et al [14], reported in
217
Chapter?: GaAsBiN and GaAsBI/GaAsN type-ll superlattice structures
2005 of good quality photoluminescence from the MBE grown GaAsBiN epilayer 
with Bi <1.6% Bi and N<2.6%. Recently, theoretical modelling to calculate the 
band parameters for the GaAsBiN material has also been reported [9] [15].
This chapter reports on the experimental investigations of this new alloy, 
specifically focussing on measuring the band gap and its temperature dependence. 
It contains the experimental results on GaAsBiN epilayers and a GaAsBi/GaAsN 
superlattice.
7.1.3: Sample Details
The samples for this study were grown by MOVPE for the first time as the 
earlier growth efforts reported in literature were by MBE [12] [14]. This material 
has been grown by researchers at Philipps University of Marburg, Germany. The 
material was grown in a commercially available AIX reactor system using Pd- 
purified H] carrier gas at a reduced reactor pressure of 50mbar. TrimethyIgallium 
(TEGa), Tertiarybutylarsine (TBAs), Trimethylbismuth (TMBi) and unsymmetrical 
dimethyledrazine (UDMHy) were used as precursors for Ga, As, Bi and N, 
respectively. This was grown at a relatively high temperature 450°C as compared to 
reported bismuth layer growth by MBE as Bi incorporation generally requires a 
low growth temperature. The aim of growing the material at higher temperatures 
450°C was to reduce the N-related defects and carbon incorporation by being closer 
to the standard growth temperature of GaAsN and InGaAsN 500-600°C [17][18]. It 
has been experimentally observed in nitrogen containing materials GaNAs and 
InGaAsN that the nitrogen incorporation causes non-radiative defects due to N 
interstitial and Ga vacancies that degrade the material quality [19]-[21]. The carbon 
is incorporated unintentionally during growth due to metal organic precursors and it 
increases with the decrease in growth temperature. The carbon incorporation is 
observed to be higher in nitride layers in comparison to GaAs due to the strength of 
the C-N bond [22].
As it is a challenge to incorporate Bi at this temperature (450°C) as discussed in 
Chapter 4 a GaAsBi layer with 0% nitrogen was first grown at this temperature to
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optimize the growth parameters. Further details containing the growth conditions 
can be found in ref [23]. Optical characterisation was performed to investigate the 
effect o f N composition up to 1.8% on GaAs with a fixed bismuth composition of 
1.8%. The samples under investigations are listed in Table 7.1.
Table7.1: The GaAsBiN epilayers details grown by MOVPE
Sample
#
Bi% N% d
(GaAsBiN)
Growth
Temp
GaAs
Cap
17424 1.8 0 38nm 450"C 20nm
17446 1.8 0.6 45nm 450®C 20nm
"17427 1.8 1.2 75nm 450®C 20nm
17426 1.8 1.8 70nm 450®C 20nm
7.1.4: Optical characterisation of GaAsBiN material
The RT PL performed on these samples is shown in figure 7.1 (a). PL 
shows a clear red-shift in the PL peak from 1.27 eV for the GaAsBi sample to 1.19 
eV for the GaNAsBi sample with the lowest N content of 0.6%. The PL o f all the 
samples have weak and broad features around leV which might be due to a defect 
transition. Such a transition has also been reported by Ludewig et al [24] in low 
temperature (400^0) MOVPE grown GaAs and is attributed to defects e.g. 
vacancies or antisites due to the low temperature growth. For the higher N 
concentrations the band gap transition may be lying within this feature and thus is 
not resolvable due to the broad feature. The decrease in PL intensity and increase in 
line width for samples with increase in N % may be explained by the presence of 
N-related defects and increased C incorporation. To get more detailed band 
structure, these samples were measured by temperature dependent PR fi*om 70K- 
296K. A 514nm argon ion air-cooled laser chopped at a jfrequency of 333Hz with 
output power 113mW was used to modulate the sample dielectric function. The PR
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spectra were analysed using the TDFF model to determine eritical energy transition
values [25]. Example PR spectra for the GaAsBig.ois N samples listed in table 7.1
with their TDFF fits are shown in figure 7.2. A clear red-shift in the band gap
energy with the incorporation of N can be seen.
W avelength (nm)
1400 1200 1000
0.0% N 
0.6% N
1.2% N 
1.8% N
x50
c
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1.00.8 1.2 1.4
Energy (eV)
Figure 7. 1: RT PL spectra of bulk GaAsBiN epilayers with N-0-1.8%.
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Figure 7. 2: PR spectra o f bulk GaAsBiN epilayers with Bi -1 .8%  and N -  0 & -1.8% . 
The black lines are the experimental data and red solid lines are the TDFF fits with energy 
transition values represented by the filled circles on the spectra.
The PR showed clear band gap transitions as can be seen in the figure 7.2 
and band gap energy values determined by PR for the four samples as a function of 
N content are plotted in figure 7.3. These energy values are also in good agreement 
with the theoretical modelling for the GaAsBiN material [9]. In figure 7.3, the 
black open circles are theoretical transition energy values from ref [9]. There is a 
reduction in band gap of -141 ± 22 meV / %N over the range studied, which is in 
good agreement with the red shift in the PL peak energy of -130 meV/%N 
measured previously for MBE-grown samples with up to 4.5% Bi and 2% N[26].
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Figure 7.3: Composition dependence o f the band gap on N content for Ga (NAsBi) 
single layers with 1.8% Bi as measured by PR (red diamond) is -141meV/%N. The 
black open triangles are the theoretical transition energy values from ref [9].
7.1.5: T-dependent PR measurements
In order to further investigate the band structure, PR measurements were 
performed as a function of temperature from 70K-296K. The T-dependent speetra 
for two samples with 1.2% & 1.8% N compositions named as # 17426 and # 
17427 (in table 7.1) are shown in figure 7.4. They clearly show three features 
from 70K -200K labelled as Ei, E] and GaAs. However the middle transition 
labelled as E2 gets very weak at higher temperatures and seems to disappear 
altogether at RT. The lowest energy transition is from the band gap of the 
GaAsBiN layers and the transition around 1.47 eV at RT is the band gap of the 
GaAs substrate. The band gap transition gets stronger upon cooling down from 
296K-70K
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1.0 1.1 1.2 1.3
Temperature(K)
1.1 1.2 1.3 1.4
Temperature(K)
GaAsBiN #17426
.296K E
Figure 7. 4: Temperature dependence of the PR of two bulk GaAsBiN samples: 17426 
with 1.8%N and 17327 with 1.2% N. Ei is the GaAsBiN ground state transition. The 
higher energy transition E2 also depends on the N concentration.
The temperature dependent data for both transitions Ei and E2 is shown in 
figure 7.5 with the Varshni fit represented by the solid curves. Also shown is the 
fundamental transition of the GaAsBio.oigNo sample for reference. The Varshni 
parameters are shown in Table 7.2. The band gap for the 1.2% N containing sample has a 
temperature coefficient of 0.40 ± 0.02meV/K which is already reduced compared to 
0.46meV/K for GaAsBi reference layer and 0.50meV/K for GaAs. However the band 
gap dependence of the 1.8% sample is 0.32 ± 0.03meV/K, which is promising 
from a device perspective as this opens up the possibility for devices with a very 
low temperature dependence.This also illustrates the stronger role of the N on the 
temperature dependence of band gap.
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Figure 7.5: (a). T- dependent data for the GaAsBio.ois N epilayers with N-0% 
represented by green triangles and for the N~1.2% represented by blue triangles. Ei 
and E2 are the two transitions seen in 1.2% nitrogen containing epilayer. (b) T- 
dependent data for the two transition Ei and E2 in the 1.8% nitrogen containing 
epilayer. The temperature dependence of both Ei and E2 transition shows reduced 
temperature dependence for the sample with higher N concentration.
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Table7.2: Varshni parameters for the transition Ei and E% in sample 17426 and 17427
Energy a (meV/K) P(K) Eo (eV)
E (GaAsBio.ois) 0.47 ±0.01 235±15 1.3/19
El (GaAsBiO.oi8No.012) 0.40 ± 0.02 235±12 1.154
i E2 (GaAsBiO.01sNo.012) 0.40 ±0.02 235±12 T322
El (GaAsBiO.oisNo.ois) 0.32 ± 0.03 263±12 1.079± 0.001
E2 (GaAsBiO.oisNo.ois) 0.33 ± 0.04 263±12 1.239± 0.001
Coming back to the middle transition E2 which is ~150meV higher than 
El and it is red shifted with increase in N as shown in figure 7.6. The transition 
energy values for both samples 17427 and 17426 at different temperatures are 
given in figure 7.5 (a) and 7.5 (b) respectively. The temperature coefficient for 
E2 is approximately same as E% in both samples. This shows that the middle 
transition E2 might be the transition from the VB of the GaAs to the CB of the 
GaAsBiN as the extrapolated values of this transition at 296K fi"om the Varshni 
fit (as shown in figure 7.5 (a) and 7.5 (b)) are very close to the transition energy 
values fi'om the VB of GaAs to CB of GaAsBiN for given N and Bi content 
calculated by taking the band offset from ref [9]. The schematic representation 
of the E2 transition using the calculated band offset values from reference [9] is 
shown in figure7. 7 (a) and 7.7 (b).
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Figure 7. 6: The comparison of the middle transition E] at 200K. There is a clear red 
shift in El with the increase in N. In both eases this transition is ~150meV higher than 
El.
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Figure 7. 7: Schematic representation o f E2 in both samples using the band offset 
values from ref [9]. For sample 17427, the calculated E2 is at 1.23eV as seen in 
figurc7. 7 (a) which is in very good agreement with the 1.255eV extrapolated from a 
Varshni fit o f the experimental data shown in figure 7.5 (a). For sample 17426, the 
calculated E2-  1.169eV in figurc7.7 (b) is in good agreement with the 1.185eV 
extrapolated from a Varshni fit o f the experimental data shown in figure 7.5 (b).
7.2: GaAsBi/GaAsN type II superlattices
Superlattice (SL) structures contain many repeated quantum wells with thin (1- 
lOnm) barriers separating them (shown in figure 7.8). The wave functions of 
neighbouring wells couple together through the barrier which separates the QWs. 
This situation is analogous to the formation of a crystal with a periodic potential 
from the atoms. The discrete energy levels (for each quantum well) split into many 
levels (due to the coupling between the multi quantum wells (MQWs)), organized 
in bands called minibands (as shown in figure 7.9). These minibands are the 
electronic states of the SLs. Structures containing a smaller number of repeated 
wells or with thick barriers that prevent coupling between adjacent wells are simply 
called MQW structures. Superlattice structures have the advantage of providing a 
low effective band gap and also the potential to engineer the band parameters by 
varying the layer thicknesses.
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The idea of semiconduetor superlattices was proposed by Esaki and Tsu in 1969
[27]. The most interesting application utilising a superlattice is the quantum 
cascade laser.
Conduction
band
\dw
__M5::::::-::_jTTUTTL_nJT_ b ind"""
S in g le  Q W  Superlattice
Figure 7.8 :  Schematic representation o f superlattice structure
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Figure 7. 9 : Allowed energy bands E l, E2, E3 and E4 (the shaded area) calculated as a 
function o f well or barrier width a, including the potential profile o f a superlattice [27]
Whether or not a SL has a type 1 or a type 2 alignment depends on the 
alignment of the band edges between the QW and barrier layers as already 
discussed in Chapter 2. The combination of dilute nitride and bismide alloys allows
228
Chapter?: GaAsBiN and GaAsBI/GaAsN type-ll superlattice structures
one to produce narrow band gap superlattices and related structures that can be 
used for infrared photo detectors in the GaAs-based material system [28].
As discussed earlier, N atoms in GaAs cause tensile strain while Bi atoms in GaAs 
lead to compressive strain. In the combination of GaAsN and GaAsBi layers the 
strain can be compensated to have zero or a small average strain with respect to 
GaAs. This makes it particularly interesting for GaAsN/GaAsBi type II structures 
[16], not only to achieve a desired narrow effective band gap, but also to provide 
zero net strain on a GaAs substrate for flexible band gap engineering.
This section contains a discussion about GaAsBi/GaAsN type-II strcuture. A 
range of optical characterisation techniques, PL, absorption and PR were carried 
out on the very first grown GaAsBi/GaAsN type- II superlattices. The sample 
structure and XRD is shown in figure 7.10. XRD (done by growers at Marburg) 
clearly shows both bismide and nitride layers. This type-II superlattice has lO.Snm 
wide GaAsBi QWs with 9.2 nm GaAsN QWs. The Bi fraction is ~ 3.3% and 
nitrogen fraction is ~ 6.2%. This structure was grown by MOVPL at 400°C by 
researchers at Marburg, Germany. RT PL, absorption and PR gave the fundamental 
transition energy ~ 0.72eV which is in close agreement with the theoretically 
calculated value. The RT data for all three spectroscopic techniques is shown in 
figure 7.11.
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Figure 7. 10: XRD rocking curve for the type II GaAsN/GaAsBi structure
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Figure 7. II: Comparison of PL, absorption and PR. The Black curve is PL, red is 
absorption and blue is the PR experimental data and vertical line the theoretical value 
[28].
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As can be seen in figure 7.11, there are high energy transitions in the PR  in addition 
to the fundamental band gap transitions. To get a clearer picture, PR  and PL as a 
funetion o f  tem perature were perform ed. PL m easurem ents were undertaken from 
100K-296K and show that the fundam ental transition gets w eaker and is overcome 
by the transition around leV  shown in figure 7.12. This transition is very broad and 
has negligible change in energy w ith tem perature which is consistent w ith it being a 
defect related transition. The defect related transitions are sim ilar to those seen 
around leV  in GaAsBiN epilayers as diseussed above. Tem perature dependent PR 
also revealed additional transitions.
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Figure 7. 12: T-dependent PL measurements o f GaAsBi/GaAsN type-II structure. At 
RT the fundamental transition around ~ 0.7 eV represented by red spectrum. At lower 
temperatures PL via defect states (e.g. As antisites, here around leV ) becomes more 
prominent.
The T-dependent PR  spectra shown in figure 7.13, represents three 
transitions named Pi, P2 , P3 in addition to the transition ~1.42eV  for the GaAs 
substrate. The main transition Pi agrees very well between different 
experiments (PL, PR  and absorption) as shown earlier in figure 7.11 and theory
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[28]. It was attem pted to identify the other transitions that can be seen in the PR  
by com paring the results w ith theory [28] and PL.
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Energy(eV)
Figure 7. 13: PR o f type-ll sample at 50K -300K. The main transition Pi near 0.7eV is 
evident in the PR. However, low temperature indicates the PR response from slightly 
lower Bi containing region in this type-ll structure.
The transition energy values from T-dependent PR spectra have been taken 
from the KK modulus o f  the spectra because the energy transitions are quite broad 
and it is very difficult to fit it with a TDFF. The m ain transition a t-  0.7eV labelled 
as P I in figure 7.13 is very close to the caleulated one at ~0.72eV shown in figure 
7.14. The tem perature dependence o f this fundam ental transition w ith the Varshni 
fit is shown in figure 7.15. As expected for this high N ~ 6.2% containing sample.
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this has quite a low tem perature coefficient, a ~ 0.23 ± 0.03m eV/K com pared to the 
tem perature coefficient (Table 1 2 )  for lower N  fraction containing GaAsBiN 
epilayers samples. However, the uncertainty is very high in the case o f  the 
superlattice as the transitions are very broad. This is a 5 period superlattice and it is 
also possible that each period has slightly different Bi fraction than nominal. These 
slight variations could give an overall response in PR  as a broad feature. Analysis 
o f  PR  spectra also suggests a high energy transition (from a QW  w ith slightly 
higher Bi fraction) as Pi at lower tem perature while a lower energy transition P% is 
dom inant at higher T> lOOK.
0.76
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2  0.72
a -  0.23± 0.03meV/K
0.70
100 15050 200 250 300
Temperature(K)
Figure 7. 14: The temperature dependent transition energy values o f the fundamental 
transition Pi vs T with the Varshni fit which gives -0.23meV/K while the black dashed 
line is the Varshni fit to the Pi representing the response from slightly lower Bi fraction 
in any o f the period o f lattice.
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The transition energy from the RT spectra are ~ 1.04eV for and 1.18eV for 
P3. Tooking at the approxim ate value o f  P 2 and also the spectra for this transition 
(which is not changing much w ith tem perature) suggests that it m ight be the defect 
level transition seen in PL around leV . The third transition at P 3 at ~1.21eV  is 
close to the calculated 1.2eV transition w ithin the bism ide layer (shown in figure 
7.15). This suggests that the overlap betw een the GaAsBi/ GaAsN layer is not 
strong enough which is why it is still possible to have transitions happening in the 
individual layers. For these two transitions, it was not reliable to take the transition 
energy values from the K K  m odulus o f  the T- dependent spectra, as these are quite 
close to each other particularly as P3 is more apparent only at high T. This work 
further suggests that further study is required to optimise the SL design.
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Figure 7. 15: The calculated type- II transition energy values for the GaAsN/GaAsBi type 
-II structure [28].
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7.3: Summary:
This chapter discussed the G aAsBiN quaternary alloy and a 
GaAsBi/GaAsN superlattice structure. PL and PR  were perform ed and com pared 
w ith the reported theoretical data to establish the band structure o f  the GaAsBiN 
alloy w here Bi~1.8%  and the N  fraction was varied from  0-1.8%. These M OVPE 
grown samples were grown at ~400®C w hich is a relatively high tem perature for 
the incorporation o f  Bi. PL and PR  showed the reduction in the band gap o f  the 
GaAsBiN epilayer — 141±22meV/% N consistent w ith theory. T-dependent PR  
m easurem ents o f  GaAsBiN show a decrease in the tem perature co-efficient from 
0.40m eV/K to 0.32m eV/K w ith increase o f  N  from 1.2% to 1.8%.
The GaAsBio.o3 3/GaAsNo.o62  superlattice structure w as studied by PL, PR  and 
absorption m easurem ents. All three techniques indicated the fundam ental transition 
around 1.7pm  in agreem ent w ith theory. A  decrease in tem perature coefficient a  
from 0.40m eV/K to 0.23m eV/K w ith the increase in N  fraction from  1.2 -6.2%  is 
also observed w hich is attractive for device applications.
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8.1: Conclusion
The m ain m otivation to focus on the novel bism uth based sem iconductor for 
this w ork was the fact that it has the potential for the band structure to be 
engineered in a w ay to suppress A uger and IVBA losses in photonic devices and 
also has the potential o f  a less tem perature sensitive band gap. Therefore, in this 
work, the m ain effort was spent on exploring the band structure o f  bism ide alloys 
and the tem perature sensitivity o f  their band gap in view  o f  being used as the active 
region o f  photonic devices. A  series o f  optical characterisation techniques including 
PL, absorption and PR  w ere tried to probe the band structure o f  the bism ide alloys 
(GaAsBi/GaAs, InGaAsBi/InP, GaAsBiN/GaAs and GaAsB i/GaAsN) and 
experim ental outcomes w ere com pared w ith theoretical modelling.
PL and PR  m easurem ents w ere perform ed on GaBixAsi.x layers up to 10.4% Bi 
content in order to  establish the band structure o f  this alloy for its use in telecom  
lasers. R T PL and PR  results for the value o f  Eg for all four samples w ere in good 
agreem ent and revealed that the band gap reduced down to 0.8 eV (1.55pm ) for a 
Bi content o f  ~  10%. PL m easurem ents showed that the PL intensity decreases 
above 4.5%  Bi w hich was attributed to an increase in structural defects and non- 
radiative recom bination in high Bi containing samples. The variations in the Eg and 
Aso w ith increasing Bi fraction w ere m easured by PR  and the cross-over {Eg ~  Aso) 
was determ ined to occur around 9.4 ± 0.2%  bism uth fraction for these strained 
layers. These results w ere in good agreem ent w ith the theory calculated by Usman  
et The band gap reduction was attributed to the upw ard m ovem ent o f  the VB 
o f  host GaAs due to an anti-crossing interaction w ith the Bi im purity level (~
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0.183eV below  the VB o f  GaAs) in line w ith YBAC theory. The spin-orbit splitting 
was observed to increase w ith increase in B i due to the upw ard shift o f  the VB. 
Experim ental and theoretical studies were used to probe the disorder effects in 
these alloys on the base o f  com plex and broad PR  spectra for the LH  feature. These 
studies revealed that the LH  state gets perturbed by the B i pair and clusters states 
w ith an increase in the Bi content. In these frilly strained GaBixAsi.x layers to GaAs 
substrate, the valence band splitting was observed to increase at a rate o f  15 ± 
2m eV/%  o f  Bi consistent w ith Franceour et al[2], w here they m easured this 
gradient for low er Bi fi*actions. The shear deform ation potential o f  these 
com pressively strained layers was calculated and found to be increasing in 
m agnitude w ith the bism uth content at a rate o f  163 ±  15meV/%Bi. The effects o f  
strain w ere decoupled from experim ental results and the band gap and spin orbit 
splitting energy were estim ated for free standing GaAsBi. This also revealed that 
the CB moves down w ith the incorporation o f  Bi due to the conventional alloy 
effect w ith the rate o f  22m eV/% Bi. This study suggests that the band alignm ent for 
GaAsBi grown on GaAs w ill be type-I, in line w ith theoretical predictions [1].
The GaAsBi/GaAs quantum  w ell structures w ere also investigated by P R  and a 
discrepancy was found betw een the experim ental and theoretical values [4] o f  
transition energies (cihhi and C2hh 2 ) particularly for high Bi fractions. This 
discrepancy is expected to be due to the inhom ogeneity in a Bi fraction throughout 
the layer or the variation in thickness. This has been observed from H RTEM  
structures [5].
It was found that the highest Bi containing GaAsBi epilayer (10.4%  Bi) has Aso  > 
Eg. This should therefore have the potential to suppress the A uger CHSH losses 
and IVBA. This sample was tuned back to the resonance Aso ~  Eg, by cooling it 
down and T-dependent PR  spectra confirm ed the resonance in this sample betw een 
130K-150K. Pum p pow er dependent PL studies w ere done to investigate the 
different carrier recom bination processes occurring in the GaBixAsi.x m aterial 
system. The relative im portance o f  these processes was quantified by plotting the
239
Chapters: Conclusion and Future work
integrated PL intensity versus laser pum p pow er on a log-log scale. On such a plot, 
slopes o f  2, 1 and 2/3 w ere predicted for defect-related, radiative and A uger 
recom bination processes, respectively. The relatively lower intensities and slopes at 
RT observed for the high concentration samples (8.5%  Bi & 10.4% Bi) suggest an 
increased contribution o f  non-radiative processes. Furtherm ore, cooling these two 
samples to 15OK resulted in contrasting slope behaviour, suggesting differences in 
the contribution o f  A uger recom bination. The increase in both slope and PL 
intensity in the 8.5% sample w ith cooling indicates a decrease in the relative 
importance o f  A uger processes, as expected. However, in the 10.4% sam ple the 
slope and PL intensity did not change significantly w ith cooling, w hich m ay be due 
to the activation o f  the CHSH A uger process as the 10.4% bism uth containing 
sample was expected to approach resonance below  15OK. This was the first 
tentative evidence for CHSH A uger suppression in high bism uth content (>10% ) 
samples at RT.
The quaternary bism ide alloy InGaAsBi was studied for applications in mid- 
IR  w avelength range photonic devices. The electronic band structure o f  
InGaAsBi/InP was established for up to 5% bism uth and the quality o f  the grown 
material (w ith the aid o f  absorption, PL and PR  m easurem ents), was also 
investigated. These results determ ined that for a B i content betw een 3.3 -  4%, 
there is the resonance Eg '-Aso- This condition has significance as it could cause an 
increase in the efficiency o f  photodetector and photovoltaic devices. The PR  
m easurem ents revealed that the 5% bism uth containing sample has Aso > Eg w hich 
helps to control the CHSH A uger losses and IVBA. This showed that 
InGaAsBi/InP is a potential m aterial for m id infi*a-red devices grown on relatively 
cheap and w ell established InP substrates. H owever, band to band PL em ission 
was not seen above 1.1% bism uth content. A  reduced T-dependence o f  the band 
gap was not conclusively proved due to the com plex spectra w hich relate to Bi 
inhom ogeneity in this quaternary material system.
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The 5% bism uth containing sample, having Aso >  Eg, w as also cooled down to 
resonance and PR  spectra revealed the line-w idth broadening around the resonance. 
The line-width broadening around the resonance is expected to be due to the two 
transitions happening at the same energy as observed in GaAsBi m aterial w ith 
10.4% Bi.
The GaAsBiN quaternary alloy was realized as a potential m aterial to produce 
lattice-m atched narrow  gap sem iconductor on GaAs. Furtherm ore a 
G aAsBi/GaAsN superlattice structure w ith the potential for IR  photodetectors in 
the GaAs-based m aterial system  was also investigated. Optical characterisation was 
perform ed to explore the band structure o f  M OVPE samples. T-dependent PR  
m easurem ents o f  GaAsBiN  m aterial showed the decrease in tem perature co­
efficient (Varshni param eter) from 0.40m eV /K  to 0.32m eV/K w ith an increase o f  N  
fraction from 1.2% to 1.8%. The GaAsBio.o33/GaAsNo.o62 superlattice structure was 
studied by PL, P R  and absorption m easurem ents and the fundam ental transition 
observed at 1.7pm was in agreem ent w ith the theoretical values calculated by S. Jin  
et al [9].
8.2: Future Studies
A lthough bism uth incorporation is significantly challenging, it has been 
experim entally prom ising to date and has significant potential for optoelectronic 
and therm oelectronic devices. For example, the ternary bism ide alloy, GaAsBi, the 
m ost studied bism ide alloy to date led to the electrically injected laser em itting at 
room  tem perature [7]. Recently, lasing in devices w ith 4.4%  Bi content was 
observed up to 180K [8]. This m otivates that there is further need to  optim ise the 
growth param eters to improve the growth quality o f  m aterial and also to further 
improve device designing and engineering.
As discussed above in 8.1, the line-width broadening was m easured in PR  
around the Eg ~  Eso, resonance in both ternary and quaternary bism uth alloys w hich
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was attributed to the possibility o f  allowing another transition from SO-VB in 
addition to VB-CB transition. M aking use o f  this second transition in addition to 
the band gap transition in resonance and out o f  resonance is very useful for 
photodetectors and solar cells [9]. This idea needs further m easurem ents like the 
direct m easurem ent o f  the SO-VB transition and also needs further tim e resolved 
m easurem ents to explore it further. Structural characterisation o f  bism ide QW s is 
required to understand the discrepancies in the experim ental and theoretical results 
o f  transition energies.
The tem perature dependence o f  bism ide alloys still needs system atic exploration o f  
the m aterial w ith im proved quality. The GaAsBiN  m aterial system and 
GaAsBi/GaAsN superlattice are very new  and relatively little is know n about it. It 
is crucial to investigate this m aterial further in order to establish its band structure 
and improve the m aterial quality for potential use in m id infra-red devices.
PL em ission was not seen in the InGaAsBi epilayers above 1.1% Bi. The optical 
characterisation o f  this m aterial w ith better quality epilayers is still outstanding. 
Better quality epilayers could be further used to see evidence for the A uger 
suppression in this m aterial as w ere seen in the GaAsBi alloy, and paves the w ay to 
develop this alloy for m id-IR  device applications on InP substrates.
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Appendices
9.1: Valence band Anticrossing model
A ccording to the valence band anti-crossing model, the VB o f  GaAs moves 
upward due to interaction w ith the Bi resonant level and this upw ard shift in the 
VB is described by the equation below  [1]
EpiGaAs^+Esii: (Ep (GaAs)—Effi)^+4xCaf
E+(GaAsBi) = ----------------- ^ ----------------------- (9.1)
W here x is the bism uth com position, Ey (GaAs) the energy level o f  the unperturbed 
valence band m axim um  o f  GaAs, the bism uth localised level due to bism uth 
incorporation, and Cbi describes the coupling betw een the B i level and the valence 
band o f  the host material.
The splitting o f  the VB o f  GaAs due to the band anticrossing effect w ith the 
bism uth level is shown in figure 9.1. This shows the calculated dispersion for the 
GaAsBio.o4 by using the equation 9.1. The values o f  term s in equation 9.1 has been 
kept same used for the VBAC fit to the experim ental data in figure 4.18, Chapter 4. 
The valence band o f  GaAs is considered as the reference level and E^, -0 .183eV  [2] 
and Q i~ 1 .5 e V  (taken from  the fit o f  figure 4.18).
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Figure 9. liThe calculated valence band structure o f GaAsBio.o4 by using the VBAC 
model. The dashed blue line represents the valence band edge o f the host GaAs and the 
solid red line represents the bismuth localised energy level.
I f  the CB band edge is independent o f  Bi, then the band gap o f  GaAsBi is 
Eg(G aAsBi) = EciG aAs) -  E+(GaAsBi)  (9.2)
Substituting equation (9.1) into (9.2)
Ev(GaAs)+EBi±J(£’v (GaAs)-EBi)^+4xCL
Eg (G aA sB i) = E , ( G a A s ) --------------------- ^ ------------------------  (9.3)
W here E bi is the energy position o f  the bism uth impurity level below  the CB 
Ebi = E^(G aAs) -  AEysM-Bi (9.4)
^EvBM-Bi is the separation between VB o f  GaAs and bism uth im purity level 
H owever the band gap o f GaAs is
Eg (GaAs) = Ec(GaAs) -  E^(G aAs)  (9.5)
Substituting (9.4) into (9.3)
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2Ev(^GaAs')+^EvBM -Bi+ . (4£’vB M -B i)^+4xC |^
E a(G aAsBi) = E c (G a A s ) ------------------------------- —^ -----------------------
EgiGaAsBi) = Eg(GaAs) -  ~  (J (AE vbm- bO^ +  4xC|^ -  AEvbm- bÔ
E,(GaAsBO =  E , ( G a A s ) - ^ ( J l + ^ ^ ^ ^  -1) (9.6)
Thus
Eg(G aAsBi) = Eg^GaAs^-AEyBAc  (9.7)
The A E v b a c  refers to the band gap reduction due to the bism uth incorporation, 
w hich is given by
AE V^ B A C 1) (9.8){^EyBM-BiY
However, m ore realistically the CB edge also m oves down due to  the conventional 
alloying effect. Taking into account the CB edge m o v em en t, the total reduction in 
band gap o f  GaAsBi is
EJGaAsBi)  = Eq{GaAs)-AEyBAc ~ (9.9)
The CB edge dow nw ard m ovem ent has been m easured 22m eV /% Bi experim ent- 
tally as described in Chapter 4)
The values o f  param eters used for this m odel are
P a ra m e te r V alues
Eg (GaAs) 1.42eV
Cb ’i 1.55eV [l]
Esi 0.4eV [1]
0.183eV[2]
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Figure 9. 2: Schematic representation o f conventional alloy effect on CB edge and VBAC 
effect on the VB edge o f GaAs with the incorporation o f Bi
9.2: The dielectric constant and basic optical properties of 
semiconductor
The velocity o f  light through any m edium  is defined as
(9.7)V = VëF rir
W here C is the velocity o f  light in free space, e and are the dielectric constant 
and the magnetic perm eability o f  m edium  respectively. W here is the com plex
refractive index. The m agnetic perm eability is ~1 for sem iconductors and the above
1
equation (9.7) reduces to =  gz. The dispersion and absorption o f  the plane 
electrom agnetic wave (e.g., light) in a sem iconductor material can be described by 
the com plex refractive index.
riy = n  + ik (9.8)
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W here both real and im aginary parts are a function o f  w avelength and k  is the 
extinction co-efficient w hich w ill be discussed later.
As described earlier, com plex refractive index is related to the dielectric function 
(n  +  i/c )^ =  +  i £ 2
This leads to
Si = n^ —
£ 2  =  2riK
The dielectric function o f  the m aterial essentially describes how  it responds to an 
applied electric field, in particular the electric polarisability o f  the m aterial and the 
absorption o f  the oscillating field. The electric field com ponent o f  an EM  wave 
incident on a dielectric m aterial induces the polarisation, P  defined as the electric 
dipole m om ent per unit volum e. For an EM  w ave propagating through the a 
medium, its electric field com ponent can be w ritten as
E = Eq exp i(w t -  £^^2koZ') (9.9)
ko wave num ber in free space, w  is the angular frequency o f  the EM  wave.The 
wave propagating through the m aterial is m odified depending upon the material. 
This effect is accounted for by the im aginary part o f  the refi*active index[3].
E = Eq e x p { — Kkg z) exp  i ( w t  — nkoZ)
The extinction coefficient k  contributes to the exponential decay o f  the 
propagating EM  wave. For that reason, it is often related to the absorption co­
efficient (intensity loss per unit path length), a, as follows
a  =  2 k E q =  A î i k I à
This helps to understand the real and im aginary parts o f  the dielectric function. 
The real part £^ describes the polarisability o f  m aterial in response to the EM  w ave
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and gg describes the absorption by the material. W hen the m aterial is transparent 
~  0 but it becom es im portant w hen absorption occurs. Both are w ritten in a 
com bination to describe the com plex dielectric function and the shape o f  gg causes 
corresponding changes in g  ^ and vice-versa. Both components are related to each 
other by the Kram ers-K ronig dispersion relation [4]
^a(w ) =  1 and . , ( w )  =  (9.10)
The angular frequency, w  related to the wavelength, w=cko where, ko=2nlÀQ. The 
consequence o f  the dispersion relation is that i f  the behaviour o f  the real part o f  the 
dielectric function is known over all the w avelengths the im aginary part can be 
calculated at any specific w avelength and vice-versa. The real and im aginary parts 
o f  the any response fiinction can be related by sim ilar expressions.
Thus, the dielectric function plays an im portant role in the interaction betw een light 
and m atter and the im aginary part o f  dielectric function is closely related to  the 
jo in t density o f  states o f  semiconductor.
To investigate the probability o f  an elem entary absorption process in a 
semiconductor, one needs to consider the perturbation caused by the EM  field (light 
wave). This perturbation stimulates an electron w ith initial energy Ej and w ave 
vector A: to a final state w ith energy E f  and w ave vector k .  The num ber o f
transitions per unit tim e is ^  =  \e. 8 (J^E — h œ )  (9.11)
W here e. Mif is the m atrix elem ent o f  the perturbing light w ave w ith respect to the 
wave function o f  the initial and final states
e .M if  = f  ip* (k ' ,r ) .V 'ip i (k .r ')d r
The delta function in equation 9.11 defines that no transitions can occur unless the 
photon energy is equivalent to the energy difference betw een initial and final 
states.
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9.3 Line shape of PR spectra
Starting w ith the energy gained by a free particle in an electric field F w ith a 
m om entum  k at t=0 and F=0 this m om entum  is then replaced by k+ qF t/ h  w here F 
is the applied electric field, q is the charge o f  the particle and t  is the time. The 
energy gained by a charged particle due to the applied field, called electro-optic 
energy can then be derived as [5]
h e  =  (9.12)
W here p is the reduced density o f  states effective mass in the direction o f  the field. 
For an optical structure near the critical points w ith energy Eg, the dielectric 
function can generally be w ritten as 
t i E )  = t { E  -  E g .y )  (9.13)
W here E  is the photon energy and y  is the broadening param eter to account for 
scattering o f  phonons. The change in the dielectric function due to the electric field 
is given by
Ae =  £ ( e  -  £ 5  +  £ ( £ ) )  -  e{E  -  E g )  (9.14)
I f  the field is sufficiently small, the equation (9.14) can be expanded into a Taylor 
series as
A£ «  E {F )  ( ^ )  e{E  -  E g .r )  = ( ^ )  e{E  -  E g ,y )  (9.15)
In quantum  m echanics, t  is also an operator
-'"(A
Equation (9.15) w ill becom e
d}
A£ =  - i q ^ F ^ h y Z n )  ( ^ )  e{E  -  E g , T )  (9.16)
It can be simply w ritten as
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9.3.1: Exponent in TDFF
The com plex dielectric function for the Lorentizian type line shape can be 
generally w ritten as
£ (£ , D  oc ( £  -  +  iy)™ (9.17)
As described above, the dielectric function is proportional to the JDOS. The value 
o f  m  here is different depending upon the dimensions o f  the m aterial under 
investigation, such as 0.5 for 3D, 0 for 2D and -0.5 for the ID  related to  the 
dependence o f  the density o f  states in energy term s discussed in Chapter 2 (section 
2.3).
As already described the change in reflectivity is described by equation (3.20)
= i?g[Ce^ (^Agi + iAgz)]
Taking into account the dim ensionality factor described by m in the equation 
(9.17), and third derivative line shape described by equation (9.16) leads to 
equation (9.18) so called TDFF derived hy  Aspnes  [5].
^  =  £ e [ c e '« ( £ - £ ^  +  i y ) ' ” ], (9.18)
H ere « is a new  exponent factor equivalent to  -P ’ w hich is the com bination o f  o f  
dim ensionality and third derivative such P  = m-3. Considering the case ofbulk,M =
- P  = -(0.5-3) =  2.5, similarly gives 3 for 2D.
9.4: Bose Einstein equation
The tem perature variation o f  the band gap o f  the sem iconductor can also 
describe by the Bose Einstein expression, w hich involves the electron coupling to 
the average phonon (optical and acoustical). This relation is described below  [6 ]
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EoiT) =  £ o ( 0 ) ------------------, (9.19)
exp
W here qb is the strength o f  the electron-average phonon interaction and 0g  is 
average phonon tem perature and Eo(0) is the band gap at OK.
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